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ABSTRACT 
One potentially useful practice to improve tropical soil fertility is to use shrubs or 
trees grown for fodder in rows, with annual crops in between. The overall objective 
of this thesis work, in the Yucatan peninsula (Mexico), was to establish a system 
with mixed woody species (leguminous/non-leguminous) to investigate the extent to 
which they increase nitrogen uptake and growth. The study tested the hypothesis that 
such mixtures may stimulate N2 fixation from the atmosphere and the transfer of N 
from leguminous to non-leguminous plants. Three woody species were selected: 
Leucaena leucocephala (legume), Moringa olefera (non-legume) and Guazuma 
ulmfolia (non-legume). The 15N natural abundance method was used to estimate the 
N2 fixed by the leguminous shrubs, using the two non-leguminous species as 
reference plants. 
Shrub survival and growth in single species and in mixtures was monitored 
throughout the study. Shrubs were pruned 11 months after planting and thereafter at 
three-month intervals. The 8 15N values of the total N in Leucaena prunings was 
determined from five samplings between July 2003 (11 months after planting) and 
August 2004. Additionally, a study was carried out to compare under field 
conditions the decomposition rates and nitrogen release from leaves from the 
different combinations. 
More than 80% of planted seedlings survived and grew rapidly. Total biomass 
(fodder) production was 1.9-7.7 ton ha' for monocrops and 6-9 ton hi' for the 
mixtures. Nitrogen yield in the fodder was highest in the Leucaena+Guazuma 
mixture (285 kg N hi'), followed by Leucaena monocrop and Leucaena+Moringa 
mixture (244 and 183 kg N hi', respectively). The 8 15N of samples from non-fixing 
species ranged from 2.4 to 3.1%o (mean 2.8 ± 0.45%o). The 515  of L. leucocephala 
(0. 56%o) was significantly lower, indicating that nitrogen fixation occurred in the 
Leucaena plants. The percentage of the N derived from the atmosphere (%Ndfa) in 
the Leucaena mixtures ranged from 61 to 66%, while in the Leucaena monocrop it 
was 58%, at 11 months old. Moringa leaves decomposed most rapidly, followed by 
Luecaena+Moringa; the decay was best described by a double exponential model. 
The combination of Leucaena+Guazuma decomposed more slowly and pure 
Leucaena leaves decomposed at an intermediate rate. Over 16 weeks, 
Leucaena+Moringa released 65-75% of the initial N, Leucaena+Guazuma released 
46-63%, and Leucaena leaves alone released, on average, 54% of their N. The 
content of lignin+polyphenol and tannins in the leaves had a strong negative 
correlation with the rate of nitrogen release. Based on these data, it was concluded 
that mixtures consisting of two different species improved the nitrogen supply and 
did not affect %Ndfa for the legumes. The alteration of the decomposition and N 
release patterns observed when mixing plant materials of different quality provides 
good prospects for improving synchrony between N availability and plant N uptake. 
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Chapter 1: General Introduction 
1.1 Background and problem description 
World population is rising rapidly; in the last 40 years an increment of 3 billion 
people has been added to the already existing 3 billion (Dudal, 2002). Population 
growth seems to have a strong correlation with fertilizer use for crop production, 
which grew from 31 million tons in 1961 to 135 million tons in 1997 (Dudal, 2002). 
However, the addition of more chemical fertiliser to crop lands does not necessarily 
mean increases in yield crops. Indeed, surpassing the recommended levels for less 
responsive varieties and in poorly managed cropping systems can lead to high 
nutrient losses, soil acidification, salinization, pollution, and low yields (Craswell et 
al. 2004). The demand for food to satisfy the need of an expanding population has 
led to a search for environmentally sustainable alternatives to existing farming 
practices in the tropics. Moreover, to meet increased demands for food, fertilizer use 
must be combined with other complementary practices, such as soil conservation, 
recycling of crop residues, livestock management, and the use of organic fertilizer 
(Young 1997; Dudal and Roy 1995; çraswen et al 2004). However, the vast majority 
of farms are small, and most of these are mixed crop and livestock farms. A common 
characteristic of these farms is their strong, dependence on the use of native and/or 
introduced pastures. However, despite the important role of pastures in livestock 
production, more than 50% of the pasture land in some Latin American countries 
shows symptoms of degradation (Pezo et al. 1992). 
In Mexico, particularly in the Yucatan peninsula, mixed crop-livestock systems are 
common in the small and medium sized farms. In this area, the main agricultural 
system is the Milpa, which dates from the Mayan period. It is characterized by a 
wide diversity of crops, managed through slash and burn with fallow periods, and is 
also known as shifting cultivation. The burning of the vegetation releases nutrients 
available for the crops; following the burn, the land is cultivated for two or three 
years and then abandoned to allow the fertility to recuperate naturally. However, 
with increased human population and land pressure, fallow periods have been 
reduced considerably; and frequently farmers return to the- already degraded lands 
before the fertility lost in the previous harvest has recovered. As a result, yields tend 
to decline rapidly; it was reported by Castillo et al. (1998) that these areas typically 
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experienced a corn yield reduction from 1500 kg ha in the first year to 750 kg ha' 
in the second year of cultivation. Use of chemical fertilizer is impracticable (due to 
the economic situation of local farmer) and the soil is never ploughed, mainly due to 
the physical impediments. Globally, another important negative 'aspect associated 
with the tropical deforestation and slash-and-burn system is that these practices 
contribute about 25% of CO2 emissions and 10% of the N 20 emissions (Palm et al., 
2004). Additionally, organic matter, Carbon and nitrogen are being loss after short 
period of continous cultivation (Weisbach et al. 2002). In this case the role of soil 
nutrients may be especially critical in agricultural systems due to the high losses of 
nutrients that occur as a consequence of slash-and-bum agriculture. Recent 
experiments carried out in the peninsula forest vegetation suggested that phosphorus 
and nitrogen availability are the most soil parameter that might constrain the 
recovery of vegetation in Yucatan peninsula (Ceccon et al. 2002; Solis and Campo 
2004). 
Another important component of the Mayan agricultural systems in the Yucatan 
peninsula is the livestock. They provide direct cash income and manure for the 
Mayas' home-garden crops. Traditionally, livestock are allowed to graze on native 
pastures or mixtures of native and improved pastures, receiving little or no 
supplementary feeding. However, the low yield and protein content of pastures is a 
serious constraint to livestock production, also the available biomass of pastures 
declines drastically with time and through the year due to the seasonality and the 
uncertain rainfall of the area, and thus production depends largely on seasonal 
migration. Unfortunately, this animal feeding system has contributed to the poor 
performance of livestock in the region, characterized by low milk production and 
loss of weight in animals (Ku-Vera et al. 1999). However, this system can be 
improved by ensuring adequate supplementary feeding during the dry season, when 
available pasture is of insufficient quantity and quality. 
The research project which is the subject of this thesis was developed in order to 
provide more quantitative data on these aspects of nitrogen cycle, and to assess the 
influence of planting shrubs in mixtures on the plant performance. An additional aim 
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of this project was to estimate the foliage production and quality in a fodder bank 
system using leguminous and non-leguminous fodder species. 
1.2 Tree and shrubs as options for maintaining soil fertility 
Trees and shrubs, in particular leguminous species, have shown a potential for soil 
fertility improvement and soil conservation (Sanchez 2001). Trees and shrubs can 
recycle nutrients from deeper soil layers and ameliorate the soil through the addition 
of litterfall and other plant parts, root turnover or incorporation of prunings to release 
nitrogen and other nutrients to the soil. Through the mineralization or decomposition 
of organic matter, trees offer excellent opportunities for synchronization of nutrient 
release from decomposing litter, if trees with different rates of litter decomposition 
are planted in mixtures (Giller and Cadisch 1995; Young, 1997; Mafongoya et al. 
1998). 
Multipurpose leguminous species such as Leucaena leucocephala can be used also as 
intercrop forage in the pasture or as a protein bank, with non-leguminous plants also 
playing a major role in improving availability and intake of roughage by livestock. 
Shrubs and trees may also be mixed with animal food crops in, for example, alley 
cropping systems (Giller and Wilson, 1991; Reynolds and Cobbina 1992). However, 
despite research evidence showing that tree mixtures can be advantageous for soil 
fertility improvement in tropical agroecosystems (Sanchez 1995; Nair et al. 1999), 
few reliable estimates of N2-fixation by trees are available (Gathumbi et al. 2002). 
Most of the research involving woody plants has been focused on single species, 
while other research on more than one species relates only to their growth in a 
rotation system. 
Trees also have a beneficial effect on the environment and in general on the 
ecological system, through the improvement of microclimate due to reduction of 
evaporation, and lowering the soil temperature. The importance of trees, particularly 
in agroforestry systems with regards to C sequestration, is being widely recognised 
(Albrecht, et al., 2003). With adequate management of trees in cultivated land and 
pastures, a significant fraction of the atmospheric C could be captured and stored in 
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plant biomass and in soils. Although C sequestration is considered to be of little 
significance when the trees are not allowed to develop fully o, being used as fodder 
or fuelwood, the system may still present interesting opportunities for CO 2 mitigation 
through the accumulation of soil organic matter (Albrecht and Kandji 2003). Trees 
also often have been found to improve their understory environment for sub canopy 
plants throughout reducing evaporation or shading. In the savannas, trees improve 
site conditions by adding organic matter and nutrients through leaf-fall, by reducing 
soil temperatures and water loss due to evapotranspiration (Noble and Randall 1998). 
Tree fallows have been examined and found to increase yields of subsequent crops 
compared with continuos cropping systems (Nair et al. 1999). 
1.2.1 Nitrogen fixation by shrubs and tree species 
The direct contribution of the shrubs and trees to agriculture is principally through 
the incorporation of N derived from the biological fixation. Reports on alley 
cropping systems show large quantities of N fixed by leguminous species (Table 
1. 1), particularly from Chamaecytisus prolferus, and Gliricidia sepium. These two 
species and L. leucocephala are capable of incorporating between 100 and 300 kg N 
ha' year- ' from atmospheric N2 (Sanginga 2003). These significant amounts of N are 
brought in to the soil without any cost (Young 1997). Perhaps, the main limiting 
factor to consider in the establishment of legumes, trees or shrubs is the availability 
of phosphorus in the soil (Sanginga et al 1991). 
Although a large amount of N may be incorporated into the soil via N2-fixation, 
research has shown that very little N is utilized by subsequent crops. In tropical 
agriculture values ranging from 6 to 28% of the N from fresh biomass were 
estimated as being recovered in the subsequent crops (Giller and Cadisch 1995). 
Based on litterbag experiments, it was calculated that about 100 to 300 kg N hi' of 
the plant available N is not utilized by the. first crop (Giller and Cadisch 1995). Some 
of the strategies proposed by these authors relate to the need for synchronization 
between crop N demand and the timing of net N mineralization, including the 
addition of plant residues in mixtures of different qualities, to help to optimise the 
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efficiency with which fixed N2 is used for subsequent crops or in intercropping 
systems (Gathumbi et al. 2004). 
Table I.I. Contribution of N derived by fixation from the atmosphere (%Ndfa) by 
different shrub and tree species 
Species Material 
used 
Plant age in 
(years) 
%Ndfa References: 
Natural abundance method 
(field conditions) 
Sesbania sesban Shoot 1 53 Gathumbi et al. 2002 
Calliandra calothyrsus Shoot 1 68 Gathumbi et al. 2002 
Chamaecytisusprolferus Shoot 4 83 Unkovich et al. 2000 
Leucaena leucocephala Shoot 6 74 Van Kessel et al. 
1994 
Gliricidia sepium Leaves 1.5 37 Ladha et al. 1993 
Acacia mangium Leaves 2 53 Galiana et al. 2002 
Erythrina lanceolata Leaves 4 53 Salas et al. 2001 
G. sepium Leaves 11 75 Dulormne et al. 2003 
' 5N isotope dilution method 
(Greenhouse conditions) 
Crotalaria ochroleuca Leaves 2 (months) 58 Samba et al. 2002 
C. perrottetii Leaves 2 (months) 53 Samba et al. 2002 
C. retusa Leaves 2 (months) 54 Samba et al. 2002 
' 5N isotope dilution method 
(Field conditions) 
C. calothyrsus Leaves 1 47 Gunaratne and 
Heenkenda (2002) 
G. sepium Leaves 1 55 Gunaratne and 
Heenkenda (2002) 
G. sepium Leaves 2 51 Cadisch and Giller 
1999 
Flemingia congesta Leaves 2 25 Cadisch and Giller 
1999 
1.2.2 Biomass transfer and nutrient-soil-animal relationships 
Biomass transfer refers to the transport of biomass from its origin to a different place 
to be utilised. The cut-and-carry fodder system is one technique whereby biomass is 
harvested and transported, in this case specifically to provide fodder (Stur et al. 
2002). In biomass transfer trees or shrubs are grown in compact blocks or rows and 
their prunings are applied to soil elsewhere or the foliage may be used for feeding 
animals. An advantage is that the shrubs can be grown on poor soils on the farm, or 
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on stony areas (Young 1997). The most popular species used for this purpose are L. 
leucocephala, G. sepium and Sesbania sesban. In this system, L. leucocephala can be 
freely used in biomass transfer, because of the absence of competitive effects (Young 
1997). 
Another potential advantage of fodder banks is that direct competition between the 
main crop and that used to supply the fodder is minimised (Graves, et al. 2004). The 
evidence suggests that biomass transfer can help to increase soil fertility, e.g. 
biomass transfer as Calliandra calothyrsus and L. leucocephala prunings was found 
to increase maize yield, compared to the application of chemical fertilizer to maize 
plants (Mugendi et al. 1999; Rao and Mathuva 2000). 
Although the potential for nutrient cycling through the plants is reduced when foliage 
is used for feeding animals, part of the ingested nutrients returned to the soil as 
manure can help to improve soil texture and structure, in addition to supplying 
nutrients. For example, in traditional feeding systems, a large adult ruminant 
provides approximately 1.1 ton of manure and approximately 29 kg of N year 
(Rana et al. 1999). The inclusion of animals in the systems offers an extra pathway 
for nutrient recycling, via fodder-animal-manure-soil and partially will compensate 
for the imbalance of nutrients within the systems if the manure is returned to the soil 
(Young 1997). 
1.2.3 Fodder shrubs and trees and animal production 
The importance of trees and shrubs in livestock production has been widely 
recognised around the world, but particularly in the semi-arid tropics. These areas are 
characterised by long dry periods and feed and fodder scarcity under these conditions 
trees and shrubs are the major source of fodder. Agroforestry techniques which 
involve intercropping of leguminous and non-leguminous trees or shrub species have 
been used for this purpose in some tropical areas. Two main advantages of planting 
trees for fodder have been widely recognised: (1) good quality foliage and (2) 
availability throughout the year. In terms of nutritive value, legumes have been 
proven to be of higher digestibility and higher nutrient intake than most of the 
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tropical grasses and their nutritive value tends to remain constant as plants mature. 
To take one example, the species, L. leucocephala is considered to yield fodder of 
excellent quality (Gutteridge and Shelton 1994). The beneficial responses and 
economic benefits of Leucaena for lactating dairy animals have been reviewed by 
Devendra (1990). Animal liveweight gains of up to 1 kg/animal/day have been 
reported Under Leucaena-grass systems (Gutteridge and Shelton 1994). 
From the agronomic point of view, trees or shrubs also are easy to manage. Tree 
fodder production and availability can be manipulated by cutting to make it easily 
reached by the animal, or part of the foliage can be used to feed animals and another 
part used as mulch for improving soil quality, according to the farm's needs. This 
cut-and-carry or fodder bank system is broadly practised in Asia and Africa and in 
some areas of Latin America (Ibrahim et al. 1998), and is the principal source of high 
quality forage used for supplementing low quality roughages (Gutteridge and Shelton 
1994). 
1.3 Nutrient cycling limitations and improvement strategies 
Soil nutrient depletion has reached an alarming stage around the world, contributing 
to declining agricultural productivity and food insecurity. Agricultural sustainability 
depends to a large extent upon the maintenance of soil fertility stability (Nambiar et 
al. 2001). Methods to protect and enhance the productivity of soil include nutrient 
cycling using organic matter, reducing tillage and maintaining soil cover with plants 
(Eshetu 2004). Thus, successful sustainable farming systems rely in part on the 
efficient cycling and the use of nutrients within the farm (Young 1997). 
In agroforestry systems, the term nutrient cycling refers to the continuous transfer of 
nutrients that are already presents within a soil plant system (Sanchez and Palm 
1996; Buresh and Tian 1997; Kang 1997; Nair et al 1999). Nutrient cycling involves 
the continuous transfer of nutrient within and between different components of an 
ecosystem (Jordan 1985). An important factor in cycling nutrients in agroforestry, is 
the flexibility of managing its components to facilitate better rates of nutrient transfer 
within the different compartments of the system (Nair et al. 1995). Three main 
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factors are fundamental for improving the nutrient cycling in agroforestry systems: 1) 
increased input of N through biological N2-fixation by trees or shrubs; 2) enhanced 
availability of nutrients resulting from production and decomposition of plant 
biomass and 3) greater uptake and utilization of nutrients from deeper layers of soil 
by plants (Nair et al. 1999). 
1.3.1 Leaf litter quality manipulation and decomposition process 
The quality of organic plant material depends on its organic constituents and nutrient 
content (Mafongoya et al., 1997). Foliage materials containing at least 2.5% N are 
usually considered as being of "high quality", while materials containing less than 
2.5% N are considered to be of "low quality" as they are likely to temporarily 
immobilise N during decomposition (Palm et al. 2001). Foliage usually contains 20% 
to 30% soluble carbon. Cellulose and hemicellulose, which constitute 30% to 70% of 
plant carbon (12% to 30% of total plant material), are structural polysaccharides of 
"intermediate" quality (Swift et al. 1979). Lignin is considered a major component of 
recalcitrant plant tissue, which physically protects cellulose and other cell wall 
constituents from degradation (Chesson 1997); it is also considered the "lowest" 
quality C constituent, providing little energy to the decomposers until the last stages 
of decomposition (Nair et al. 1999). Thus the C/N ratio, lignin and polyphenol 
contents are considered to be the most important factors determining the rate of 
decomposition (Tian et al. 1995; Jama and Nair 1996; Mafongoya et al. 1997; 
Gachenco et al. 2004a). 
The initial lignin-to-N and lignin+polyphenol-to-N ratios are correlated well with N-
mineralization (Constantinides and Fownes 1994; Handayanto, et al. 1997). 
Materials high in N, and low in polyphenols and lignin, generally readily release 
nutrients once incorporated into the soil (Palm and Sanchez 1991). On the other hand, 
materials low in nitrogen and high in lignin and polyphenol are likely to decompose 
slowly, with high immobilization of nitrogen (Gachengo et al. 2004a). In general, 
leguminous plant materials are high in N and consequently have a low C:N ratio. For 
this reason, woody legumes are often included in alley cropping systems so that the 
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mineralization of prunings will supply N to the accompanying crop (Noble and 
Randall 1998). 
Moreover, by manipulating the foliage decomposition, it should be possible to 
improve the efficiency of the uptake and utilization of nutrients by growing crops or 
in free mixture stands. The mixing of foliage of different quality is a strategy 
proposed by Giller and Cadish (1995) and Mafongoya et al. (1997), which may lead 
to better synchrony of N supply and crop demand. Mixing the high quality material 
with lower quality litter might stimulate the immobilization of N in the soil organic 
matter in order to reduce its potential loss (Sanginga et al. 1995). Previous studies on 
mixed litter decomposition showed that mixing L. leucocephala with S. siamea litter 
delays N release from the L. leucocephala leaves (Mulongoy et al. 1993). 
1.4. Methods for determining biological nitrogen fixation 
The amount of nitrogen fixed by trees can be estimated in several ways. Under field 
conditions, the most practical and easy method is to excavate around the main plant 
stem and observe the root system for nodules. If nodules are found, then it is evident 
that the tree is fixing nitrogen (Giller 2003). In more controlled, conditions, the 
simplest method is a relative measure based on plant dry matter accumulation. The 
nitrogen balance method is based on the differences of measured N contents of soil 
and plant material at the beginning and end of the growth period. However, this 
suggestion is unrealistic and the values calculated just on the basis of legume N yield 
would overestimate fixation (Peoples et al. 1989). Alternatively nitrogen fixation is 
estimated as the difference in N uptake by nodulated and non-nodulated control 
plants (Nitrogen difference technique), but this method is only suitable for plants in 
pots or small plants in the field, and is not recommended for use with shrubs or trees. 
Variability in soil N content spatially is difficult to handle, therefore requiring many 
samples to provide an accurate estimate of the overall N level (Peoples et al. 1989). 
The acetylene reduction assay (ARA), developed by Hardy et al. (1973), was one of 
the first techniques for N2-fixation estimations (Ledgard and Peoples 1988; Danso et 
al. 1992; Hansen 1994), but currently has been seldom used, mainly because of 
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newly developed and more accurate techniques and due to problems associated with 
the ARA methodology. For example, if time-integrated determinations are required; 
numerous assays need to be undertaken, since ARA provides only information on the 
current (instantaneous) state of nitrogenase activity. Also the measurements are 
subject to environmental and seasonal variation. In addition, in field conditions, it 
will be extremely difficult to recover all nodules because of the complications 
associated with the excavation of the plant root systems, particularly with large 
shrubs or trees with deep root systems. 
Recently, the xylem-ureide method has been proposed to assess N2-fixation in woody 
species (Peoples et al. 1996; Herridge et al. 1996). However, this method can only be 
successfully applied in species with a high content of ureides (allantoin and allantoic 
acid), and unfortunately not all the shrubs or trees used in agroforestiy systems have 
detectable levels of ureide (Giller 2001). Examples of this latter group include some 
of the Acacia spp, Calliandra spp., and Leucaena spp. (Peoples, et al. 1989); 
therefore the method has limited applications. 
A valuable method for estimating the fractional contribution of biologically fixed.N 2 
to the total N in shrubs or trees growing in the field is the 15N natural abundance 
method. The basic principles of this method state that the nitrogen taken up from the 
soil is enriched with the heavy isotope 15N compared with the nitrogen absorbed 
from the atmosphere (Giller 2003). The method relies on the difference in the ratios 
of 15N/N in soil available N and atmospheric N2 . Nitrogen-fixing plants will take up 
more atmospheric N and hence will end up with a different ' 5N: 14N ratio than the 
non-fixing plants. However, a very sensitive mass spectrometer capable of accurately 
measuring the small differences in ' 5N and 14N content of fixing and non-fixing 
plants is needed. 
Ladha et al. (1993) used this technique to measure nitrogen fixation by G. sepium in 
an alley cropping system in the Philippines. About 50% of the nitrogen in the plants 
was derived from nitrogen fixation except in the dry season, when the proportion fell 
to 30%. Acacia auricuhformis and Paraserianthes falcataria fixed about 55% of 
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their nitrogen. In a study by van Kessel et al. (1994), in Hawaii, with L. leucocephala, 
values of fixed N ranged from 53% (leaves) to 85% (branches). In Africa, Acacia 
angustissima fixed about 56%, while Cajanus cajan fixôd 84% from two year 
planted stands (Chikowo 2004). 
1.5 Brief Description of the Natural 15N Abundance Method for 
estimation N2 fixation 
The 15N natural abundance method is the most promising to quantify the contribution 
of N2 fixation in shrubs and trees (Peoples, et al. 1996; Boddey, et al. 2000; Giller 
2003). It exploits naturally occurring differences in N- 15 composition between plant-
available N sources in the soil and that of atmospheric N 2 . However, for successful 
estimation of the N derived from the atmosphere (%Ndfa), the method requires that 
both the 15N natural abundance of the N derived from biological nitrogen fixation 
and that derived from the soil by the target N2-fixing species must be sufficiently 
different. The measure value reflects the relative contributions of the N derived from 
these two sources (Shearer and Kohl 1993; Peoples et al. 2001). 
01 
Since soil N is often more abundant in ' 5N form than the atmosphere, and non-N-
fixing plants must obtain all their nitrogen from the soil it is expected that N2-fixing 
and non-fixing plants will differ in their ' 5N values. The less abundant ' 5N is in the 
plant material with respect to soil ' 5N, the better its N2-fixing ability. This difference 
forms the basis for the ' 5N natural abundance technique for estimating symbiotic N. 
1.5.1 Natural 15N abundance 
There are two stable isotopes of nitrogen 14N and ' 5N. The heavy isotope, ' 5N, occurs 
in atmospheric N2 worldwide at a constant abundance (0.3663 atom %). Small 
differences in ' 5N concentration are commonly expressed in terms of 6' 5N, the per 
mil (%o) 15N enrichment relative to that of atmospheric N2 (Equation 1). If the ' 5N 
natural abundance in plant-available soil N is higher than this, an estimate for the 
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proportion of legume N derived from each source can be made. For these estimates, 
the abundance of 15N in plant-available soil nitrogen is obtained by analysing a non-
N2-fixing reference plant which is totally dependent on soil N for growth (Fig. 1.1). 
Assumptions inherent in the method are that: 
The ' 5N/' 4N ratio of the non-N 2-fixing reference plant is the same as that of 
the soil N, and 
The legume and reference plant explore a soil N pool of identical "N/' 4N 
composition. 
As stated above, the natural 15N abundance is commonly expressed in 6 units, 
which denote parts per thousand deviations, %, from the ratio ' 5N:' 4N in 
atmospheric N2, which is 0.0036765 and corresponds to 0.3663 atom % 1 5 N 
(Mariotti 1983). 
The equation for estimation of 6 15N is: 
R(sample) - R(standard) 
X 100 	(1) 
R(standard) 
where the standard is the atmospheric N2 gas (0.3663 at.% ' 5N), and during the 
chemical analysis R is the ratio of N2 molecules derived from the plant material 
which are composed of one ' 5N and one 14N atom, to those composed of two 
atoms (Shearer and Kohl 1993; Giller 2003). R is defined as: 
' 5 N+ ' 4N 
R= 
' 4 N+ ' 4N' 
where R denotes the ratio ' 5N:' 4N, and ' 5N + ' 4N is the signal produced by ions of 
mass 29 and 14N + 14N is that produced by ions of mass 28. 
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The following formula can thus be used to estimate the percentage of the plant 
nitrogen derived from the atmosphere (%Ndfa): 
( t5 Nsoi1N) - ( '5 N!egumeN) %Ndfa =100 X 	 (2) 
( 5 NsoilN) - 
where the 6' 5N (soil N) is commonly obtained from a non-N 2-fixing reference plant 
grown in the same soil as the legume, and 0 is the & 5N of the same N2-fixing plants 
when grown in a N-free medium with N2 as the sole source of N. This 13 value 
essentially corrects for any isotopic discrimination during distribution of 
symbiotically fixed N (Unkovich and Pate 2001). 
1.5.1.1 The reference and the N2-fixing plants (P value) 
The natural 15N abundance method requires an isotope ratio mass spectrometer 
capable of measuring very small differences of O.M. Great care has to be taken to 
avoid losses of N which change the 15N abundance and to avoid contamination from 
' 5N-enriched material (Peoples et al. 1989). It is also preferable to have the 8 15N of 
plant-available soil N above about 6%, or the 6 15N of the reference plant should be 
at least 2%o greater than 1, because the accuracy in estimating the N2-fixing 
decreases markedly at values below this (Peoples et al. 1989; Peoples et al. 2001). In 
addition, a careful selection of suitable non-fixing reference plants is essential. The 
15N content of the ideal reference plant is assumed to provide an integrated 
determination of the 5 15N of the soil N available for legume growth over the duration 
of the study (Peoples et al. 1989; Shearer and Kohl 1993). The higher the ' 5N content 
of plant-available soil N, the greater is the potential accuracy of the estimates 
of %Ndfa. 
The 13 value is determined by analysis of the 8 15N in the total N accumulated by a 
nodulated plant grown in an N-free medium (Peoples et al. 1989). Plants should be 
grown for a sufficient time period for the seed N to be adequately diluted (Shearer 
and Kohl 1993). 
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The 6' 5N of the whole plant value is calculated with equation (3): 
15Np!ant = [(
N 	5N) + (N 615 M) + (Nxs ' 5N)4 (Ni 5Ni)] 	
(3) 
Xn + Xr + Xs + Xl 
The N is the nitrogen accumulated in the plant tissue and n, r, s and I refers to the 
nodules, root, stem and leaves, respectively, and 8 15N is the values for each of these 
tissues. 
- 	 - 	
1 N (0.3663 at.%) 
IL 
V ) 
/ 	Air 	'N L 
Soil 
Fig. 1.1 Diagrammatic representation of the principles involved in the 15N Stable 
Isotope Technique (From Peoples et al. 1989) 
The standard error of the %Ndfa is calculated by the formula (equation 4) developed 
by Shearer and Kohl (1993), as follows: 
I(x 
	1/2 
(SE) 2 + 	(SE)+ x- y (SEc)2]SE%Ndfa 4 	
(x-c) 2 . 	(x-c)4 
(4) 
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where x is the & 5N of the reference plant, y the 6 15N of the N2-fixing plant, and c the 
' 5N of the N2-fixing plant grown in a free N-medium. SE and SE refer to the 
standard error of 6' 5N in the reference and N2-fixing plants, respectively. 
1.5.1.2 Precautions required for the accurate estimation of N2-fixation by the 
natural 15N abundance method 
Successful application of the 15N natural abundance technique requires a constant 
and measurable difference of several 6 15N units in isotopic composition between 
atmosphere and soil. Some of the inaccuracy in estimation of N2-fixation comes from 
ineffective sampling strategies (Shearer and Kohl 1993; Boddey et al. 2000; 
Unkovich and Pate 2000), although the most likely source of error with the technique 
comes from inappropriate selection of the reference species used to monitor the N 
uptake from the soil (Ledgard et al. 1985; Giller and Wilson 1991). To overcome this 
problem, it is recommended that reference plant species should be selected in terms 
of close similarity with the legume in terms of phenology and a similar root profile. 
Boddey et al. (2000) reported thatthe three most important principles required for an 
efficient N2-fixing estimation were: 1) there should be two different pools of N for 
legume growth, one coming from the atmosphere and the other from the soil; 2) the 
two pools have to be of different 15N abundance; and 3) the biological variability of 
'these abundances have to be small compared to the measured difference between 
them. Thus, it is essential to sample at least two reference non-N 2-fixing species as 
well as the target N2-fixing species to obtain a' range of 6' 5N values (Boddey et al. 
1995; Boddey et al. 2000). 
1.6 Rationale of the Study 
Research has shown that the biological nitrogen fixation process is an efficient way 
to supply important amounts of nitrogen needed for high crop yield. With the 
inclusion of legumes, it serves several advantages to the companion crops. However, 
perhaps the most important feature is the transfer of N from a N2-fixing legume to a 
non-fixing plant which can be better exploited in a mixed system. 
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Mixtures can efficiently exploit the resources of a site over time (Binkley et at. 1992; 
Montagnini et at. 2000). Research evidence shows that mixtures can yield more than 
a single species, in particularly woody species (Ashton 2000; Dakora and Keya 1997; 
Kumar and Kumar 1998). Rubber planted with tea yielded more than the two crops 
grown separately; intercropping teak (Tectona grandis) with L. Leucocephala 
exerted a strong influence on teak growth (Kumar and Kumar 1998). In an 
experimental plantation in the Cann River, Victoria, Australia, Eucalyptus globules 
and Acacia mearnsii were planted in mixture, and after two years the tree growth 
rates showed a positive effect of acacia on the eucalyptus height and N 
concentrations in leaves (Khanna and Raison 1998). Also, crops in mixture can 
achieve significant reduction of pest incidence, because of the introduction of 
biological enemies (Ashton, 2000). 
Binkley et al. (1992) observed the greatest biomass production and annual growth 
increment in mixtures including Eucalyptus and the leguminous tree Albizia 
compared with fertilized stands of pure Eucalyptus or fertilized stands of pure 
Albizia. These authors attributed this effect to a combination of factors: greater 
nutrient-use efficiency of Eucalyptus and greater nutrient cycling under Albizia, 
resulting in greater light-use efficiency in the mixed stands. Growth of Eucalyptus 
has also been stimulated in mixed stands with Acacia. Despite a lack of detailed 
studies describing the processes leading to enhanced growth, facilitation through N 
addition to the system was identified as one of the main processes (Khanna 1997). 
A new hypothesis from van Noordwijk and Dommergues (1990), suggests that the 
nodules of certain nitrogen-fixing plants may transfer nitrogen directly to the roots of 
non-nitrogen fixing crops. The roots of nitrogen-fixing trees have more nodules 
when they are in close contact with roots of non-nitrogen-fixing plants, (van 
Noordwijk and Dommergues 1990; Sanchez 1995; Fagbola et al. 1998). An 
explanation is that the roots of the non-legume would stimulate the fixing plant's 
roots to create more nodules (Young 1997). This increased nodulation may lead to 
the direct transfer of nitrogen to the non-nodulating plant. In a study using the 
leguminous tree Inga jinicuil in a coffee plantation, the nodules and fine roots of the 
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I. jinicuil trees were found to concentrate around the trunks of the coffee trees, within 
or just below the soil surface (Roskoski 1981). When L. leucocephala was planted in 
a hedgerow-intercropping experiment in Nigeria, Leucaena roots were observed in 
direct contact with cassava roots about 2 metres from the Leucaena hedge, occupying 
the same soil layers as the cassava crop (Hairiah and van Noordwijk, 1986). In this 
experiment, the direct contact of the tree nodules with the cassava roots suggests that 
a direct transfer of nitrogen is possible. A number of report show that vesicular-
arbuscular mycorrhizae (VAM) facilitate nitrogen transfer (Barea, 1991), directly to 
companions plants by sharing some of the nitrogen with them. Since the net-work of 
VAM mycelia can link different plant species growing nearby and help overlap the 
pool of available nutrients for these plants. Therefore, the nitrogen released into the 
overlapping mycorrhizosphere by legumes root exudation or by nodule decay can be 
used by the non-fixing N2 plants (Barea 1991). 
There are two possible mechanisms underlying the hypothesis (van Noordwijk and 
Dommergues 1990). Firstly, nodulation is inhibited in soils of high mineral nitrogen 
content. In well-rooted zones, there is a depletion of mineral nitrogen, therefore 
nodulation would be stimulated. The second possibility involves root exudates of the 
non-nitrogen-fixing plant. In certain cases, rhizobia have been found to thrive in the 
rhizosphere of non-nodulating plants, increasing the potential of the soil to stimulate 
nodule formation in the vicinity of their roots. In some species, symbiotic activity in 
intercropped legume can be stimulated if the associated plants in the mixture exert 
intense competition for soil N, in which case the legume is forced to rely more on 
symbiosis for its N nutrition (Rerkasem et al. 1988; Eaglesham et al. 1981). However, 
the available data is insufficient to support the new hypothesis, thus requiring a more 
detailed study (van Noordwijk and Dommergues 1990; Sanchez, 1995). Furthermore, 
the effects of pruning on N2-fixing hedgerow trees and on the tree root dynamics are 
not understood clearly (Nair et al. 1999). In addition, very little research focusing on 
the growth of mixed species plantations containing woody N2-fixing species has been 
carried out (Cadisch et al. 2002a; Binkley et at. 2003). 
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1.7 General description of the experimental area 
The Yucatan Peninsula is located on the east side of southern Mexico between 
latitudes 16° 06' and 21° 37' North and longitudes 87 1 32' and 900  23' West (Fig. 
1.2). It is bounded on the east by the Caribbean Sea, on the north and west by the 
Gulf of Mexico, and on the south by the State of Tabasco and Belize and Guatemala. 
Due to its geological characteristics, Yucatan is the only region of the country that 
does not have any important surface hydrological systems. However, the Peninsula 
has a permanent availability of water resources from underground aquifers located at 
between 3 and 6 metres depths in the lowlands and between 80 and 120 metres in the 
highlands (Rosete, 2000). The water contained in the aquifers and in the karstic 
system eventually comes to the surface in the form of cenotes (Batllori-Sampedro et 
al. 1999): large circular depressions 10-30 metres in diameter. A long dry season, 
frequent droughts and uncertain precipitation patterns make farming a highly 
uncertain process. Failure of the maize crop is becoming very common if the rains 
are delayed, or due to the occurrence of hurricanes. 
Fig. 1.2. Location of the study area in the Yucatan, peninsula, Mexico. Modified 
from White and Hood (2004). 
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1.8 The nature and characteristics of soils in Yucatan 
The Yucatan peninsula is in general a rocky plain of sedimentary limestone, formed 
by a geologically recent elevation of the sea-bed. The soils are thin and are derived 
mainly from the dissolution of the limestone rock by the rain (Eastmond, 1998). 
Most of this surface emerged during the Tertiary era, although the northern and 
eastern edges correspond to the Quaternary era (Rosete 2000). The solid limestone is 
locally called Chaltun with a calcareous, friable and whitish layer underneath, known 
as Saskab, which is able to store infiltrated water. The highly sedimentary 
characteristics of the limestone results in it being easily cracked and penetrated by 
plant roots, which explains the abundance of stones (Duch, 1994). A highly fractured 
caliche layer, less than 2 m thick, covers almost all the surface in this region. 
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Fig. 1 .3.Geological formations of the Yucatan peninsula. From Sanchez-Pinto et al. 
The limestone is composed of calcium carbonate (CaCO 3) and dolomite 
(CaMg(CO3)2), predominantly from the Eocene (Batllori 2000). The high 
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permeability of these carbonates is reflected in the low gradients in the water table. 
The soils of the Yucatan peninsula have relatively high physiographical variability 
with shallow and relatively well-drained Rendzinas along hillsides in the north and 
on high ground; deep but poorly drained clays Vertisols and Luvisols in the hollows 
(Figs. 1.5 and 1.6), mainly in the south; and, extremely shallow and rocky Lithosols 
on hill tops and calcareous Regosols in the coastal zone (all soil classification 
according to the FAO System). The soil type called Terra rosa is the most abundant, 
with variations, according to its depth and fertility (Batllori, 2000; Duch, 1991; 
Rosete, 2000 and Turner et al. 2001). 
Other important types of soils in the peninsula are the Vertisols. Areas where 
Vertisols are found are characterized by a period when the potential 
evapotranspiration exceeds precipitation. Generally, the seasonal variations in 
precipitation and temperature favour the formation of smectitic clays (a family of 
expandable 2:1 clay minerals). The smectites in these soils could be derived from the 
original rock, limestone, as result of the transformation of primary minerals 
(Grunwald, 2005). Soils having high concentrations of smectites can undergo as 
much as a 30% volume change due to wetting and drying. These changes in soil 
volume are responsible for some of the physical properties of Vertisols, e.g. the 
formation of deep cracks upon drying. The main feature of the natural vegetation in 
these soils is tolerance to drought (plants with a deep rooting pattern). Although it is 
common for smectites to have both tetrahedral charge and octahedral charge, most of 
the charge originates from a substitution in the octahedral layer, which means that 
the charge is relatively a long way from the edge of the mineral. This has important 
implications for shrinking and swelling properties (Grunwald, 2005). 
Near the coast, soils are covered by swamp and savanna; many of the savanna soils, 
particularly in the extreme northwestern corner and along the Gulf Coast, are highly 
saline and uncultivable (Dahlin, 2002). 
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Fig. 1.4. Soils of Yucatan Peninsula, Mexico (FAO system classification). From 
Duch (1991). 
There are no orographic formations of importance but there is a small chain of hills, 
c. 100 metres high, located in the area of Ticul in the South of Yucatan State (Fig. 1.3), 
called the sierrita de Ticul and extending 160 km from northwest to southeast. These 
hills were formed as part of the ring of an ancient crater, 180 km in diameter, with 
the centre on the northern coast of Yucatan. 
Although the area is relatively homogenous in topography and parent material, the 
chemical properties of forest soils do vary. Significant variation has been found in 
soils under- shifting agriculture, with substantial differences between the rendzinas 
and the lithosols, as shown in Table 1.2. Some of this variation results from 
interactions between vegetation and soil through geological time (Lawrence and 
Foster 2002). Soil pH is generally quite high, as a result of parental material rich in 
calcium carbonate. However, the carbon, phosphorus and nitrogen contents of the 
Rendzina soils is lower than those of the lithosols. 
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Table 1.2. Main chemical characteristics of two of the most common soils in Yucatan 
peninsula, under shifting agriculture with two different (12 and 25 years) fallow 
periods, (0-10 cm sampling depth) 
Soil Type 	Org. C 	Total 	Org. P 	Total P 	pH Exch. 	Exch. 	Exch. 	C/N 
N K Mg Ca 
.(g kg').... 	. . . .(mg kg').... . ........ (cmol kg4)........ 
Rendzinas 
(12 years) 	67 	7.4 	155 	491 	8.0 2.6 	5.3 	45 	8.9 
Lithosols 
(12 years) 	
143 	14.7 	321 	754 	8.1 2.9 	9.4 	58 	9.6 
Lithosols 
(25 years) 	153 	15.8 	246 	660 	Nd 2.1 	8.2 	54 	10.0 
Modified from Weisbach et al. (2002). 
The natural nutrient status of soils in Yucatan (Table 1.2) is high in comparison with 
other semiarid tropical soils (Weisbach et al 2000). The proximity of soils to the 
calcareous parent material maintains high phosphorus and Ca, compared to values 
reported from more weathered subtropical and tropical soils (Tiessen et al. 1992). 
However, despite their relatively high nutrient status and the capacity for relatively 
rapid fallow regeneration, the soils of Yucatan are generally abandoned after only 
two years of cropping in the prevailing shifting agricultural systems (Weisbach et al 
2002). This low productivity is related to a combination of factors: the rapid 
reduction in available P supply by uptake and relatively high P sorption, a cation 
balance that reduces K availability, and a lowering of the OM content, with 
associated loss of nutrients, especially N, and moisture supply. 
The soils of Yucatan are formed on a typical karstic landscape of flat rock outcrops 
and shallow depressions (Fig. 1.5). Shallow (< 10 cm) black soils (Rendzinas) occur 
mainly on slightly elevated areas, either as a thin layer over bed rock or as deeper 
layers (10-20 cm) with a high gravel content but without any visible horizonation 
(Bautista-Zufliga et al. 2002; Weisbach et al 2002). 
Figure 1.6 shows a general schematic profile of the biophysical conditions of the 
Yucatan peninsula. Rolling hills of karstic upland are interspersed with low-lying 
areas (bajos as they are known locally), covered mainly by medium and low semi-
deciduous forest (Furley 1998). On the other hand, a thin recrystallized limestone 
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layer confined to the coast (Sanchez-Pinto 2005) supports mangrove forest. In the 
karstic landscape, natural drainage is mainly underground through a system of 
caverns, caves and underground rivers. 
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Fig. 1.5. General schematic soil profile in the north part of the Yucatan peninsula. 
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Fig. 1.6. General schematic soils profile and forest cover of Yucatan peninsula. 
24 
Chapter 1: General Introduction 
1.9 Climate and climatic variation in Yucatan peninsula 
Recent studies have provided direct evidence of climate change. One indicator is the 
analysis of sediment cores from Lake Chichancanab on the central Yucatan 
Peninsula (Hodell et al. 1995). These authors used the temporal variations in oxygen 
isotope and sediment composition in a 5 m sediment core from the lake to 
reconstruct a continuous record of Holocene climate for the central Yucatan 
peninsula. This record shows that the interval between 1,300 and 1,100 years B.P. 
(A.D. 800-1000) was the driest period of the middle to late Holocene (Fig. 1.7). 
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Fig. 1.7. Climate conditions during the last 3,000 years measured by sediment core 
chemistry from Lake Chichancanab, northern Yucatan peninsula. Adapted from 
Folan et al. 2000. 
Historc 








S" O (1.PDB) 
25 
Chapter 1: General -Introduction 
Paleontological research indicates that the onset of severe drought conditions in A.D. 
850 coincided with the collapse of the Classic Maya civilization, leading to the 
presumption that the climate change caused the collapse (Dahlin 2002). For the 20th 
century, Batllori (1995), cited by Batllori (1999), describes rainfall patterns at 
Progreso (30 km to the north of Mérida, Yucatan) showing that there have been years 
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Fig. 1.8. Annual rain fall in Progreso, Yucatan (1929-1995). Modified from Batllori-
Sampedro et al. 1999. 
The current climate in Yucatan is tropical with summer rains and occ'asional 
hurricanes. Rainfall is unreliable and unevenly distributed throughout the year, with a 
long dry season. The rainfall varies along an ascending gradient which runs from the 
northwest to the southeast and which has been critical in determining the suitability 
of crops for different zones (Eastmond 1998). Currently three distinct agricultural 
regions can be detected: 
The henequen zone, situated in the northwest of the state surrounding the 
capital city of Mërida and including the study area. 
The citrus area, located to the south on the more fertile soils at the foot of the 
Puuc hills where monocrop citrus production coexists with traditional milpa 
(shifting cultivation) in its diversified form and with small-scale mixed fruit 
(homegarden) and vegetable growing; 
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c) Finally, an expanding area dedicated to livestock production located in the 
east around Tizimin. 
Traditionally, the agriculture in the peninsula of Yucatan is known as the Milpa 
system. The Milpa cycle provides most of the food produced on the peninsula (Prieto 
2000). Due to the economic situation of local fanners, the application of chemical 
fertilizer-is not a common practice. Hence, subsequent cycles of Milpa depend solely 
on the restoration of soil fertility during the bush fallow (Weisbach et al. 2002). The 
region's economy is based on family work in agriculture for subsistence and the sale 
of surplus agricultural production and labour, with employment outside the family 
production unit providing additional income. Approximately 50% of the 
economically active population of this region is engaged in agriculture-related 
activities (Faust and Bilsborrow 2000). 
The predominant climate of the southern part is tropical rainy with a short winter dry 
season (Ferrusquia-Villafranca 1993). The north-western area is tropical desert with 
a dry winter. The mean annual temperature is 27 °C at Mérida. Temperatures average 
29 °C in July and 24 °C in January, with a lowest recorded temperature of 6 °C 
(White and Hood 2004). September is the wettest month (mean 241 mm) and March 
the driest (mean 29.0 mm). Hurricanes may occur between June and October, with 
peak occurrence in September. Figure 1.9 shows the annual rainfall and temperature 
maxima and minima occurring in Mérida, Yucatan, from 1986 to 2004. There is 
evidence of a reduction in mean annual rainfall and min temperature, but an increase 
in mean max annual temperature, over the last 7 years, compared with the preceding 
8-10 years. 
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Fig.l.9.Weather (annual) conditions during 19 years (1986-2004) 
in Mérida Yucatan, Mexico. 
1.10 The vegetation of Yucatan peninsula, Mexico 
The Yucatan peninsula is one of the largest regions in Mexico dominated by dry 
forest, containing about 17% of tropical diversity in the country (Rico-Gray et al. 
1988). Evergreen tropical forest is located in the eastern and southern region of the 
peninsula (States of Quintana Roo and Campeche). Deciduous tropical forest covers 
part of all three states of the peninsula in a zone running from west to east (Fig. 1.10). 
It is characterized by short species, the top canopy of which is sometimes wider than 
the tree height of 15-40 m. usually only half of the arboreal species lose their leaves 
but most of them do so when the dry season is prolonged. In the transition zone 
between the deciduous and evergreen forest, there are others of characteristic species 
such as the chicle tree (Manilkara sapota). This is the species whose latex is 
collected for production of chewing gum. 
Thorny woods are located in the areas with the least humidity (BSo and BSI), along 
the northern coastal area of the peninsula (Furley, 1998). Leguminous species are 
one of the most important in the peninsula, 30 to 50% of the vegetation is comprised 
of leguminous (Flores-Guido 1987). However, forest lands have suffered drastic 
changes due to the local agricultural land practices, which encourage deforestation. 
The most important woody species in the peninsula are given in Table 1.3. 
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Fig. 1.7. Yucatan peninsula vegetation map 
Table 1.3. Most important woody species within the Yucatan Peninsula, Mexico. 
Dry forest 
	
Moist evergreen forest 	Sub-deciduous forest 
	
Deciduous forest 
Acacia gaumeri Manilkara sapoza Tabebuia pentaphylla Vitex gaumeri 
Mimosa hemiendyta Thrinax radiate Vochysia spp. Bursera simaruba 
Pithecelobium dulce Brosimum alicatrum Pilhece/obium albicans Spondias mombin 
Proposopis spp. Dialium guianense Pithecelobium dulce Cordia dodecandra 
Acacia riparia Lysiloma Ia! isiliquum Annona glabra Lysiloma divarica'a 
Parmentiera aculeate Swietenia machropylla Enterolobium cycicarpum Cedrela odorata 
Gymnopodium Terminalia amaonia Ceiba pezandra Piscidia piscipula 
fioribundum Theobroma cacao Pouteria mammosa 
Modify from Aguilar and Dominguez (1999); Gomez-Pompa (1995); White and Hood (2004) 
1.11. Selected shrub species 
The following two shrubs were selected due to their prevalence and wide 
adaptability to the soil and weather conditions of Yucatan region and as well as 
their prominent role in the traditional Mayan agriculture: Leucaena leucocephala 
and Guazuma ulmfolia. A third species, Moringa olefera, was also included, 
because it has been reported to have foliage rich in nutrients and to be very 
palatable to animals (Makkar and Becker 1997). In addition, it has a very fast 
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growth rate, with little soil nutrient demand and a wide adaptation to harsh tropical 
environments (Ramachandran et al. 1980). 
1.11.1 Leucaena leucocephala 
L. leucocephala is a leguminous shrub, originating probably from the Peninsula of 
Yucatan, and is one of the best known species in the region and has spread to most 
tropical countries (Shelton and Jones, 1994). Leucaena may grow to heights of 7-18 
m. Leaves are bipinnate with 6-8 pairs of pinnae bearing 11-23 pairs of leaflets 8-
16 mm long. The inflorescence is a cream coloured globular shape which produces 
a cluster of flat brown pods 13-18 mm long containing 15-30 seeds. Its fodder 
value was recognised more than 400 years ago (Brewbaker et al. 1985). Major 
limitations include poor tolerance of acid or waterlogged soils, poor adaptation to 
cool temperatures and recently susceptibility to the psyllid insect Heteropsylla 
cubana (Shelton and Brewbaker 1994). 
Leucaena is one of the best known leguminous species, worldwide, due to its 
multipurpose uses. High rates of nitrogen fixation (100-500 kg N ha' yf') have 
been reported and its rapid foliage decomposition makes this species an excellent 
specie for mulch. Leucaena can also be used as fodder both in cut-and-carry 
systems (fodder bank) and as direct browse for pastured animals. Also, the 
hedgerows formed with Leucaena plants can be managed for erosion control, or as 
a source of green manure for annual crops. 
1. 11.2 Guazuma ulmifolia 
Guazuma ulmfolia (family Sterculiaceae), is a tree widely distributed throughout 
Mexico and Central and South America. It grows up. to 20 metres in height with a 
trunk 30 to 60 cm in diameter, although under pruned management it has a multi-
stem habit with many lateral branches, like a shrub. Its oval leaves are 6-12 cm in 
length and 3 to 6 cm wide, and the tree produces also an edible fruit with a small 
black seed, and frequently farmers gather its wood for timber or fuel. 
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G. ulmfolia is widely adapted; it grows well in alluvial and clay soils with a pH 
above 5.5, and in humid and dry climates. It has been observed to colonise disturbed 
areas and is also found growing along stream banks and in pastures. It grows well 
mainly at elevations below 400 m, although it is occasionally found to be growing up 
to 800 m in Brazil (Lorenzi 1992), to 1000 m in Costa Rica (Vallejo and Oviedo 
1994) and to 1200 m in Guatemala (Witsberger et al. 1982). In its natural habitat, the 
annual rainfall is 600-1500 mm, but it grows well in areas with annual rainfall as 
high as 2500 mm (Dunsdon et al. 1991). The leaves remain on the tree all year 
except in very dry areas where the leaves drop at the end of the dry season. In dry 
areas throughout its native range, G. ulmfolia is an important source of fodder for 
livestock, particularly at the end of the dry season when pasture grasses are not 
available. 
1.11.3 Moringa oleifera 
Moringa olefera (family Moringaceae), is a deciduous tree about 4 to 8 m tall, with 
alternate leaves 30-60 cm long and with many small leaflets, variable in size (0.5-2.5 
cm long). It produces pendulous pods, brown when mature, resembling those of 
leguminous species. The pods split lengthwise into 3 parts when dry. They are 30-
120 cm long and 1.8 cm wide, containing about 20 seeds. The tree crown is wide, 
open and typically umbrella shaped usually with a single stem. 
Moringa trees are found in environments ranging from subtropical dry to tropical dry 
and moist forest. Moringa is reported to grow well at altitudes ranging from sea level 
to 1000 m (Duke 1983). Throughout India, Moringa is commonly cultivated in 
hedges and backyards because of its usefulness as a fodder tree and its remarkable 
capacity to adapt to a wide range of soil types. However, it prefers neutral and well 
drained soils, (Deutsch-Athiopischer 2000). Moringa leaves are used to feed cattle 
(beef and milk cows), and for swine and poultry feed. In India, Moringa has been 
used for alley cropping, it is regularly pruned and its foliage material is used as 
mulch thus providing nutrients to the growing food crops in between the hedgerow 
trees (Ramachandran et al. 1980). 
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1.12 Objectives of the study 
The main objective was to establish a fodder bank with mixed woody species 
(leguminous/non-leguminous) to investigate the extent to which one species 
enhances the biological performance of another by increasing nitrogen uptake and 
growth in terms of biomass productivity and quality. Furthermore, the study was 
intended to quantify the N accumulation in mixed systems, as a step towards solving 
the question of whether increased competition for soil mineral N may lead to 
stimulation of N2-fixation by legumes in mixtures with non-leguminous species. 
The specific objectives were: 
To compare the performance of associated woody leguminous/non-leguminous 
spp in both pure and mixed stands; 
To evaluate the effect of pruning on the production of harvestable forage and 
quality from shrubs growing in pure or in mixtures; 
To estimate the N2 fixation and N production by L. leucocephala grown in pure or 
in mixed stands with non N2-fixing plants; 
To quantify the nutrient cycling between plant and soil with reference to organic 
matter decomposition and N release in a fodder bank system. 
1.13 Thesis outline 
Chapter 2 reports a two year study on the performance of shrubs growing in single or 
mixed stands in terms of survival, growth and foliage (fodder) production. Three 
woody species were selected: two non-leguminous (Guazuma ulmfolia and Moringa 
olejfera) and a leguminous one (Leucaena leucocephala). The non-leguminous 
shrubs were planted in rows both as single species or in mixtures with L. 
leucocephala, additionally rows of pure Leucaena were also included. Shrubs were 
pruned at 11 months after planting and thereafter at three-month intervals. Chemical 
composition and fodder production was determined in each pruning harvest. 
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Chapter 3 describes work in which the natural abundance method was used to 
estimate the N2 fixed by L. leucocephala and the two non-fixing shrubs were used as 
reference plants. Nitrogen fixation was assessed on five occasions, at 11 months after 
planting and thereafter at three-month intervals. The 8 15 N was determined in the 
different plant components from the three shrub species. The percentage plant N 
derived from the atmosphere was calculated according to Shearer and Kohl (1993). 
Chapter 4 is based on decomposition studies using fresh leaves from the experiment 
described in chapter 2. These studies were carried out to estimate the organic matter 
decomposition and the N release from fresh leaf material in mixtures or pure stands 
of the different shrub species described in previous chapters. The treatment included 
a fresh leaf mixture of L. leucocephala with G., ulm(folia or with M olefera, as well 
as the leaves of each of the different shrubs on their own. This study attempted to 
answer the question of how much N can be recycled via litterfall or as mulch. 
In chapter 5, an integration of the whole study is made, and a discussion is included 
to link the results from earlier studies to the results presented in the thesis. The 
chapter concludes with overall conclusion and recommendations for 
improvements in agricultural practices and for future research. 
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2.1 Introduction 
Tropical areas are characterised by abundant supply of solar energy and great 
diversity of natural resources, which give them a great potential for food production. 
However, the tropics also are more sensitive to natural disturbances such as 
hurricanes, earthquakes, droughts or excessive rainfall. Dynamics of this kind make 
tropical areas complex, highly fragile, and generally low in productivity. In addition, 
these areas are still experiencing rapid population growth (McCalla 200 1). The 
consequences are further erosion of the already degraded resources and the migration 
of farmers in search of better agricultural land. In the south Mexico, mainly in the 
southern Yucatan peninsula most of the forest lowlands have been deforested (Turner 
et al. 2001). These practices had strong impact on the natural resources which in turn, 
affect the vulnerability of places and people due to variations in the nutrients 
dynamics. An important part of this variation, especially in soil organic matter, is 
most likely a result of the regional precipitation gradient (Lawrence and Foster 2002). 
A southeast-nortwest precipitation gradient run across the region, marked by 
significant differences in total annual rainfall and in the duration and intensity of the 
dry season (Turner et al. 2001). In the southern, annual precipitation increases by 
more than 50% over 120 km form the northeastern. Median annual precipitation 
varies from c. 900 mm in the north to c. 1400 mm in the south peninsula of Yucatan. 
Differences in total annual precipitation and soil characteristics within the peninsula 
may contribute to soil fertility variation across sites. Overall fertility may be lower in 
the northeast region reflect the longer history of agriculture there and also caused by 
the differences in the historic land use during the past century (Lawrence and Foster 
2002). 
Today global change and human impacts on ecosystems are forcing the need to look 
for reliable food production alternatives and to address some of the already 
mentioned problems. In the Yucatan peninsula, farmers have retained the ancient 
traditional shifting agriculture system (Milpa) from the Mayan culture (Gomez-
Pompa and Bainbridge 1995). The ancient Maya probably selected many of the 
leguminous nitrogen-fixing species, leading to the great preponderance of this genus 
in the Yucatan peninsula today (Flores-Guido 1987; Rico-Gray et al. 1988). However, 
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although the Mayan fanners had practised mixed fanning with crops and animals for 
centuries, currently these agricultural systems are not integrated. The animal 
production, particularly cattle production, is based mainly on seasonal grass 
production. Generally, pasture lands are characterised by their high productivity (in 
terms of dry matter biomass) in wet conditions, but fodder is scarce and inadequate 
in quality during dry periods (Ku-Vera at al. 1999), thus affecting livestock 
production directly. In order to minimise the food shortage, tons of grains or 
processed foods a year are imported from developed countries to feed the animals. 
However, dependence on imported agricultural products makes fanning systems 
unsustainable in the long term for either the importing or the exporting area, as 
nutrients are gradually depleted in the soil of one region and exported to another. 
The use of trees and shrubs as fodder supplement has an enormous potential for 
addressing some of the problems associated with livestock feed constraints. In 
general, many trees and shrubs species produce throughout the year a considerable 
amount of foliage that is high in nutrients, particularly nitrogen (which is a main 
constraint in most of the tropical grasses). For example, leguminous shrubs can 
continuously fix nitrogen, and due to their deep rooting systems acting as "pumps", 
they can also bring up nutrients from lower soil horizons and return them to the 
surface in the litter (Young 1997). Proper management of trees will ensure that the 
foliage could be available for animal feeding during critical period of fodder scarcity. 
For example, the association of leguminous with non-leguminous trees in a mixture 
may increase rates of N cycling. On nitrogen-deficient sites, mixed stands present an 
ecological opportunity for increasing both total stand growth and the growth of non-
fixing trees (Binkley 1992; Dakora and Keya 1997; Parrota 1999). 
• The potential benefits of N2-fixing trees and shrubs in mixed systems for feeding 
- livestock have been well documented (Speedy and Pugliese 1992; Leng 1997; Bryant 
2000: Ku-Vera et al.. 1999). However, very little is known about the agronomic 
aspects of such systems, particularly the relationship between mixtures of two 
different species growing in close proximity. Consequently, the extent to which one 
species enhances the biological performance of another is not known. The objective 
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of the present study was to establish a fodder bank with woody species, both 
leguminous and non-leguminous, and assess the effect of the associated species on 
biomass productivity and their benefits in terms of fodder quality. The fodder bank 
was constructed in the form of parallel rows of shrubs, to create "alleys" for 
subsequent arable cropping in addition to providing support for livestock. 
2.2 The experimental work (Methodology) 
2.2.1 Site description 
The study was carried out at the research field station of the Faculty of Medicine, 
Veterinary and Animal Sciences, University of Yucatan, Mérida, in the Yucatan 
peninsula, southern Mexico. The experimental area lies at 210  15' N and 90° 25' W 
at an altitude of 10 m. a.s.l. in the sub-humid climatic zone, with an average annual 
rainfall (highly variable) of 960 mm, and 6-7 months dry period; the annual average 
temperature is 26 °C. From November to February the daily average is 23°C (max 
32'C, min 15°C), while in March to September the daily temperature average is 
30°C (max 37°C, min 23°C). The landscape is flat, the soils are calcareous and 
mainly shallow (<10 cm in depth), with much of the surface being exposed 
limestone or rocky outcrops, and with areas of low forest vegetation (Fig. 2.1). The 
soils are classified as Rendzinas and Lithosols and are of moderate fertility with 1.0 
to 1.5 % organic carbon content and a pH range of 7.5 to 7.8. The previous land use 
was as a fodder bank growing Leucaena leucocephala in a "cut and carry" system 
for 10 years, until April 1997 when the area was accidentally burned. 
2.2.2 Nursery management 
For the experiment, three shrub species were selected: Leucaena leucocep ha/a 
(legume), Guazuma ulm(folia and Moringa olefera (non-leguminous). Tree 
containers were made from 10 x 15 cm flat plastic bags, with perforations in the 
lower part of the bag. The bags were filled with local soil from places close to the 
experimental site. The Leucaena and Guazuma seeds were treated by soaking them 
for 30 seconds in water at 90 °C to break the seed coat. Then the seeds of the 3 
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species were sown directly in the soil filled bags. After two weeks, if seeds were not 
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Fig. 2.1. General overview of the experimental area before tree seedling planting, showing the 
extent of the limestone outcrops on the surface 
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Fig. 2.2. L. IeucocephQla (3 months age) in alley plantation, oriented east to west to maximise sun 
exposure 
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2.2.3 Tree species establishment and spatial arrangement 
The plant seeds were sown in a nursery for 1.5 months before planting in the field. 
The transplanted trees were located in rows oriented east to west to provide them 
with sun exposure and to avoid light competition between the trees (Fig. 2.2). 
2.2.4 Experimental design 
The experimental field has a size of 0.5 ha divided into 20 plots of about 200 m 2 
each. The experiment includes five treatments with four replications each: 
association of leguminous trees/non leguminous trees (50:50 of L. leucocephala/G. 
ulm?folia, 50:50 of L. leucocephala/M olefera), L. leucocephala alone, G. 
ulmfolia alone and M ole(fera alone. These five treatments were arranged in a 
randomised block design, with five tree rows per block (Fig. 2.3). Blocks measure 
10 x 20 in with a 2 m space between alleys and with 0.5 m within-row spacing. The 
50:50 mixtures had one seedling of each species planted in the same hole. The 
species selection was made according to characteristics such as: rapid growth and 
biomass production; deep rooting; ease of establishment; tolerance of repeated 
coppicing and re-sprouting ability; capability for nitrogen fixation; animal 
acceptability; wide adaptability and stress tolerance. 
Block IV 
LIM M LIG 
Block III 	L/G LIM L 	 M G 	N 
Block If 	M C LIM 	L L/G 
:'°: 	
LIG L 	 G 	
LIM Lii 
Fig. 2.3. Experimental plot layout for tree intercropping. Plot treatments codes: L, Leucaena 
leucocephala monoculture; G, Guazuma u1mfo1ia monoculture; M, Moringa o1efera monoculture; 
LM, mixture of Leucaena+Moringa; LO, mixture of Leucaena+Guazuma. 
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2.2.5 Meteorological observations 
Maximum and minimum temperatures and rainfall were recorded throughout the 
agronomic study period. 
2.2.6 Soil analysis* 
Five random sites per plot (100 samples total) were selected at the start of the 
experiment for the determination of the baseline status (Table 2.1). Soil samples 
were taken from a depth of 0 to 10 cm from each block. The samples were air dried 
for 48 hours and were sieved through a 0.5 mm mesh and analyzed as described 
below. 
Soil pH 
The soil pH was determined in water solution (1:1 soil:water ratio). Deionised water 
was added to a 20 g soil subsample in a 50 ml beaker. The mixture was stirred for 10 
minutes, allowed to stand for 30 min,stirred again for 2 mm., and pH was then 
measured in the soil suspension. Care was taken to lower the electrode into the 
suspension while avoiding contact with the bottom of the beaker. The electrode 
stability was checked every few samples with a standard buffer solution and the 
electrode was recalibrated as needed. 
Total nitrogen 
Nitrogen was determined by the Kjeldahl method as described by Allen (1989), by 
converting the nitrogen forms to NH 4 . To accomplish this, 2 g of air dry soil was 
digested in concentrated H2SO4  with K2SO4 and selenium. This mixture was slowly 
heated to 360 °C in an electrically heated aluminium block and digested for 2'/2 hours. 
The ammonium formed was determined colorimetrically by reaction with salicylate 
in the presence of hypochlorite and nitroprusside to form a green colour, with the 
absorbance being read at 650 urn. 
• For a full explanation of the analytical chemical procedures see Appendix I 
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Available phosphorus (Olsen), for calcareous soils 
Phosphorus was extracted by shaking 1 g of air dried soil in 20 ml of 0.5 M of 
sodium bicarbonate (NaHCO 3), at a pH value of 8.5, for 30 minutes, as described 
by Okalebo et al. (1993). Phosphorus concentration in the filtrate was determined 
by using ascorbic acid as a reductant. After two hours the colour development was 
measured at 880 nm in a spectrophotometer (CECIL model ce 1020). 
Organic carbon (colorimetric method) 
Total organic carbon in soil was determined by wet digestion and colorimetry 
(Anderson and Ingram 1993). 
Cation exchange capacity (ammonium acetate extraction) 
The method involves leaching soil samples with 1M ammonium acetate solution, in 
which the displaced exchangeable cations (Ca, Mg, K), were measured. The 
methodology was as described by Allen  (1989), for calcareous soils. 
2.2.7 Soil physical measurements 
Stone content 
The stone content was determined using the methodology proposed by Rowell 
(1994). A volume of the superficial horizon soil, with dimensions 30 cm x 30 cm x 
10 cm, was excavated, and placed in polyethylene bags. The soil was sieved through 
a 2 mm sieve for the determination of water content. All the stones were separated 
from the soil and the weight recorded 
Soil water determination 
Fresh soil samples were collected from each sampling site from known depths (10 
cm depth); the samples were transported to the laboratory in sealed bags to prevent 
evaporation. In the laboratory the samples (60 g fresh wt) were placed in open 
containers in a drying oven set a 105 °C for 48 h or until the soil samples reached 
constant weight. 
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Calculation 
The stone content was determined with the following calculation: 
mass of stones 	
x 100 Stone content ') 
= mass of dry sieved soil 
where: 
mass of oven dry soil subsample 
Mass of dry sieved soil = 	 x mass of moist sieved soil 
mass of moist subsample 
2.2.8 Soil biological measurements (in situ and laboratory 
determination) 
2.2.8.1 Potentially Mineralizable soil N 
Nitrogen mineralization potential was determined using an anaerobic incubation 
method as described by Drinkwater et al. (1996). The method uses a 7 day anaerobic 
incubation of 10 g of air-dried sieved soil samples at a standard temperature (37 0C). 
After the incubation, NIH was extracted with 2M KC1 and the NH concentration 
was measured by the same colorimetric method as for total N. Potentially 
mineralizable N is calculated by subtracting the initial amount of N1T4 released 
during the incubation. 
2.2.8.2 In situ determination of soil ammonium and nitrate using ion 
exchange resin bags (IERB) 
- This study was carried out twice, during the dry and rainy periods in 2003, in the tree 
fodder experimental plots divided in four blocks. In each block 15 transects (three 
per plot) were established parallel to the alley trees. A sampling point (using a 
quadrat of 25 cm x 30 cm), on each transect was randomly chosen to minimize 
variation due to soil type. Measurement periods were 7, 15 and 30 days. The anion 
and cation (mixed bed) resin bags (36 nylon mesh bags of 6.0 cm x 7.0 cm long per 
treatment), were buried at 5-10 cm depth in the mineral soil (Fig. 2.4). 
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The IER bags were prepared according to the methodology proposed by Binkley and 
Matson (1983), by placing 15 ml of wet mixed bed resin in each bag (3.9 g oven thy 
equivalent, Amberlite MB-ISO, Sigma Chemical, with 1:1 mixture of cation and 
anion exchanger, with a total ion exchange capacity of 550 mmol 1 - ), and tightly 
tying the neck of the bags. When possible, a hand trowel was inserted horizontally 
into the soil at the desired depth and the resin bags (three per sampling location) were 
slipped in as the trowel was removed, leaving 20 cm of nylon thread with a coloured 
label projecting above the soil surface for easy sampling identification. 
Three resin bags were removed from each plot at each measurement interval with a 
total of 60 resin bags removed at any one time. After each incubation period the IER 
bags were removed and kept in a cool box until they were returned to the laboratory 
within V2  hour. All soil residues were removed from the resin bags by washing with 
deionised water and the resin beads were then extracted for 2 hours with 50 mL of 2 
M KCI (Hart and Binkley 1984). Ammonium and nitrate concentrations were 
determined colori metrical ly in the extracts at 650 and 415 nm, respectively. 
Fig. 2.4. Resin bags buried in the experimental soil (quadrant size of 25 x 30 cm) 
44 
Chaoter 2: Mixtures of nitroeen fixine and non-fixing shrub soecies 
2.2.9 Tree species measurements 
Height and survival 
Species survival rate, mean stem diameter and height were monitored throughout 
the study period for each species in all treatments. During the first 11 months, tree 
growth and basal diameter were measured only in the central rows (three rows per 
plot), i.e. excluding the outer two tree rows. 
The plant measurements were as follows: 
. Tree diameter (d) at the root collar. Measured every three months at 5 
cm above the actual ground level. For multi-stemmed trees, tree 
diameter was considered to equal the square root of the sum of the 
individual diameters squared. 
. Tree height. Measured as the vertical distance from the uppermost tip to 
the ground level at the base of the tree. 
. Ratio leaf/stern for four branches selected at random per treatment and 
separated into leaves and stems. 
2.2.10 Statistical analysis 
The statistical analysis was carried out using SPSS (version 10.0). All data were 
tested to fit the assumption of normality using a Kolmogorov-Smirnov test and the 
homogeneity of variances with Levene's test (at p<0.05), and non-normal data were 
transformed as necessary. Some analyses of variance (ANOVAs) were calculated on 
plot means with log-transformed data. This is the reason for the absence of standard 
error in some figures. To test for significance in ANOVAs, means were compared 
using Tukey's test. 
Notations: 
The following notation for the species mixtures is used in the text, tables and figures: 
Leucaena(G) indicates Leucaena growing in a mixture with Guazuma, while 
Guzuma(L) refer to the Guazuma component in the same mixture. Similarly, 
Leucaena(M) indicates Leucaena growing in a mixture with Moringa, while 
Moringa(L) refer to the Moringa component in the same mixture. 
45 
Chapter 2: Mixtures of nitrogen fixing and non-fixing shrub species 
2.3. Results 
2.3.1 Weather conditions 
Weather conditions during the 26 months (from July 2002 to August 2004) of the 
experimental period are shown in Figure 5. Rainfall during the driest months (March 
and January of 2003 and 2004 respectively) was 0 and 6 mm, respectively. Mean 
maximum and minimum temperatures for the period were 27 to 39 °C and 12 to 25 
°C, respectively. May 2003 was the hottest month (39 °C) and December 2002 was 
the coldest (12 °C) month. September 2002 had a remarkably high rainfall compared 
with all other months of the study; it was occasioned by a hurricane (Isidore). 
2.3.2 Soil chemical and physical characteristics 
The soil characteristics of the experimental site are shown in Table 2.1. Block IV 
shows a higher P content (mg/kg) than the other tree blocks. In general, all blocks 
showed high stone content (average 74%), and frequently rock outcrops limited our 
capacity to determine the volume of soil excavated. This is a general problem in 
karstic terrain of this type, which is described above in chapter I. Because of the 
sampling difficulty the soil and stone fractions are reported in % by weight and the 
nutrient concentration are expressed per unit weight of soil (<2 mm). Soil pH was 
very similar in all blocks, with a mean of 7.8. 
Table 2.1. Physical and chemical characteristics of the experimental area (mean values by block 
n=25) 
Block Soil:Stone % pH N C P PNM Exch 	Exch Exch 
K Ca Mg 
Soil Stone % mg/kg of soil 
I 22 78 7.8 0.89 6.4 28 41 530 	872 352 
II 40 60 7.8 0.98 5.0 45 59 565 824 328 
III 21 79 7.9 0.99 7.2 81 73 457 	1077 310 
IV 19 79 7.9 0.96 6.1 111 79 517 1573 388 
Mean 26 74 7.8 0.95 6.2 66 63 517 	1086 345 
PNM= Potential nitrogen mineralization (laboratory incubation, 7 days) 
Soil/stone % (by weight) was assessed by excavating 30 x 30 x 10 cm pits 
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2.3.3 Mixed ion exchange resins 
The results obtained with the use of mixed resin bags are shown in Table 2.2 and 
Table 2.3. The ratio of NH4 tends to increase as the incubation period increases for 
all treatments. Resin bags under Leucaeña on its own or in mixture generally 
collected more N (ammonium) than those under non-leguminous species; the 
exception was for the plots of Guazuma at 30 days incubation. In the second period 
(wet) the difference was less clear, and again unexpectedly the Guazuma plots (15 
days incubation) had the highest amount of N taken up (Table 2.2). 
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Table 2.2. Ammonium uptake by resin bags incubated in the experimental soil during the dry and wet season. Resin data represent mean values (tg/bag) and Std. Error. 
Ammonium first period (dry) Ammonium second period (wet) 
Treatment 7 days 15 days 30 days 7 days 15 days - 30 days 
n Mean Std Error Mean Std Error Mean Std error Mean Std Error Mean 	Std Error Mean Std Error 
Leuc+G 12 0.38 0.15 0.75 0.24 2.6 0.12 0.60 0.03 1.8 	0.51 5.9 0.80 
Leucaena 12 0.70 0.32 0.53 0.22 2.3 0.17 0.64 0.06 1.2 0.30 6.5 0.94 
Guazuma 12 0.44 0.24 0.31 0.21 2.6 0.24 0.62 0.03 2.8 	0.84 6.0 0.65 
Leuc+M 12 1.05 0.34 0.96 0.25 2.3 0.18 0.64 0.02 1.1 0.27 6.9 0.56 
Moringa 12 0.34 0.40 1.13 0.28 2.2 0.13 0.63 0.05 1.9 	0.40 6.6 0.53 
48 
Chapter 2: Mixtures of nitrogen fixing and non-fixing shrub species 
Results in Table 2.3 show a similar trend to the data in Table 2.2. The concentration 
of NO3 tends to increase as the incubation period increases. Unfortunately, the first 
determination (7 days, dry period) of NO 3 was not possible because of a problem 
with the procedure to develop the yellow colour for the colorimetric determination. It 
was expected that resin bags under the Leucaena alley trees would take up more N. 
However, the results showed no marked differences between the treatments at any of 
the sampling times. 
Table 2.3. Nitrate uptak&by resins bags incubated in the experimental soil during the dry and wet 
season. Resins data represent mean values (.tg/bag) and Std. Error. 
Nitrate first period (dry) Nitrate second period (wet) 
Treatment 15 days 30 days 7 days 15 days 30 days 
n Mean Std Mean Std Mean Std Mean 	Std Mean Std 
Error Error Error Error Error 
Leuc+G 12 3.7 0.90 9.5 1.27 4.3 0.92 4.7 	0.37 21.5 2.25 
Leucaena 12 2.1 0.65 8.7 1.82 5.5 1.1 4.5 0.39 22.7 3.13 
Guazuma 12 1.4 0.38 8.4 1.31 4.9 0.49 4.7 	0.78 20.8 1.46 
Leuc+M 12 2.6 0.89 6.9 1.22 5.3 0.55 5.4 1.0 20.4 2.21 
Moringa 12 1.7 0.54 6.6 1.49 4.9 0.22 5.2 	0.55 26.6 2.53 
*Seven  day dry period were not measured. 
2. 3.4 Tree survival in mixture and pure stands 
Tree survival in each plot was calculated by counting the number of live trees during 
the measurement of tree height and diameter. The survival rate of samplings in 
mixed and monoculture' stand were recorded through the two years of the field 
experiment. Estimated mean survivals were significantly different among treatments 
(p<0.05; ANOVA) at one and 11 months (Table 2.4). The results from all the 
sampling dates for each species are shown in Figure 2.2. More than 85% germination 
was achieved during the first year for all the species. The mixtures formed by 
Leucaena+Guazuma and Leucaena+Moring, and Guazuma monoculture, achieved: 
more than 95% survival rates (Fig. 2.6). 
Survival of Leucaena was improved by being in mixture with Moringa and 
Guazuma. 11 months after seedling planting, up to 97% of plants had survived 
compared with 89% in pure stands. However, over the whole study period (24 
months from planting) treatment means were not significantly different (Table 2.4). 
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Moringa (L) 4 
Leucaena 	4 
Guazuma 4 
Guazuma (L) 	4 
Leucaena(M) 4 
Leucaena (G) 	4 
S.E.D. 
SED = Standard error of the differences between treatment means; means in a column followed by the 
same letter are not significantly different using Tukey's test at P = 0.05. 
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Fig. 5. Weather conditions during the first 26 months after plantation of seedlings in the field 
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Fig. 2.6. Mean tree survival (%) for Leucaena leucocephala, Guazuma ulmifolia and Moringa 
oleifera growing in mixtures or as monocrops after two years. Vertical bars indicate standard 
error of the difference between treatment means (SED). 
2.3.5 Tree growth in pure and mixed stands 
Tree measurements were taken at 1, 3, 6 and 11 months after transplanting. On 
each occasion, height (cm) and diameter (mm) close to the soil surface were 
measured using a 300 cm ruler and a 21 cm calliper, respectively. The stem 
diameter and tree height were measured in the three central rows formed by the 
trees from each plot. Trees within this area were measured to calculate plot mean 
values for stem diameter, tree height and dry matter biomass. Tree growth (height 
and diameter) for all species in all treatments was rapid after the first three months 
and faster still after the first six months (Fig. 2.8) for both tree height and diameter. 
Estimated mean tree heights were significantly different among treatments (p<0.05; 
ANOVA) at one and three months after planting (Table 2.5). Heights ranged from 17 
to 43 cm for Guazuma and Leucaena monoculture at first month sampling. Although 
Guazuma trees (in mixture and monoculture) were the shortest, there were no 
statistical differences when compared with all the other species at the last two 
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sampling times (Table 2.5). Plant height measurement also revealed that Guazuma 
and Moringa generally were not affected by mixing them with Leucaena. 11 months 
after planting, Leucaena and Leucaena(G) mixture showed the greatest growths, 
having reached 222 and 200 cm, respectively. In contrast Guazuma in monoculture 
and mixed with Leucaena tended to be shorter (Table 2.5). 
Table 2.5. Tree height increment for fodder species in pure and mixed stands 
Species 
1 
Months after planting (height in cm) 
3 	 6 11 
Guazuma 17a 22a 54a 119a 
Guazuma (L) 18 a 26  62a 131a 
Moringa(L) 31b 38  83a 193a 
Leucaena(M) 32b 33  60a 178a 
Leucaena(G) 35b 41ab 79a 201a 
Moringa 36b 38  84a 180a 
Leucaena 43b 47 b 84a 222a 
S.E.D. 3.71 6.56 17.60 45.70 
Standard error of the differences between treatment means; means in a column followed by the same 
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Fig. 2.7. Tree height from different tree species growing in mixtures or in 
monocrops. Error bars are standard errors of the means. 
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• Fig. 2.8. Mean tree heights for Loucaena leucoephala, Guazuma ulmifolia and Moringa oleifera 
growing in mixtures or in monocrops stands to 1 year. (a) Moringa; (b) Guazuma; (C, d) Leucaena 
Average heights for each sampling period for both, mixtures and monoculture 
stands are presented in Figure 2.7. The Moringa(L) mixture and Moringa 
monoculture were the tallest (193 cm and 180 cm respectively). Among the 
monoculture stands, Guazuma tended to be shorter, with a flattened leaf canopy and 
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numerous thin stems (Fig. 2.9), compared with Leucaena and Moringa in pure 
stands. Frequently Leucaena plants on their own were mostly multi-stemmed and 
densely packed, and they also tended to produce long branches with a denser 
aboveground canopy in the early growth phase, compared with Moringa. 
2.3.6 Tree diameter growth 
Tree diameter (measured 5 cm above ground) in all species (pure or mixed stands) 
increased with time. For the first three months the increment was slow, thereafter 
means stem diameter growth peaked at three to six months in single- and mixed-
species stands (Fig. 2.11). Treatment means were significantly different (P<0.05) 
among treatments for one and three months sampling. Leucaena and Moringa in pure 
stands generally had a faster increase in average diameter than Guazuma (Table 2.6). 
The rate of increase in diameter was not adversely affected for any species when 




Fig. 2.9. Left: initial seedling establishment: right: 1 0 months old C]ua:uma u/mi/dia tree. 
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Table 2.6. Tree diameter increment for fodder species in pure and mixed stands. 
Species 	 Months after planting (diameter in mm) 
1 	 3 	 6 	 11 
Leucaena (G) 4a 6 a 14a 24a 
Guazuma (L) 4 a 6 a 13a 21a 
Leucaena 4 a 6 a 16 a 29a 
Guazuma 4 a 6 a 14 a  
Leucaena(M) 4a 5a 12a 23a 
Moringa (L) 6b 9bc 17a 28a 
Moringa 6b 9 18a 29a 
S.E.D. 0.53 (18df) 1.11 (18df) 2.59 (18d1) 4.20 (18df) 
Standard error of the differences between treatment means; means in a column followed by the same 
letter are not significantly different using Tukey's test at P = 0.05. 	 - 
Although no significant differences were found for 11-months-old trees, diameters 
showed a wide range between the different stands, values ranged from 21 to 29 mm 
for Guazuma(L) and Moringa pure stands, respectively (Table 2.6). Diameters 
showed a similar trend as for height. Leucaena monoculture, which ranked high in 
height, also ranked high in diameter throughout the study period. Guazuma, in 









1 month 	3 months 	6 months 	12 months 
Sampling date 
Fig. 2.10. Tree diameter (mean) from different tree species growing in 
mixture or in monocrops. Vertical bars are standard errors of means. 
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1 month 3 months 	6 months 	 12 months 
Stand Age (months) 
Fig. 2.11. Progressive increase in mean diameter of different tree species growing in 
mixture or in monocrops. Vertical bars indicate standard error of the difference 
between treatment means (SED). 
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Fig. 2.12 Mean stem diameter for Leucaena leucocephala, Guazuma ulm(folia and Moringa 
o1efera growing in mixture or in monocrops. (a) Moringa; (b) Guazuma; (c, d) Leucaena; (e)Pure stand 
Figure 2.12 shows clearly the rate -of increase in tree diameter for the different 
species in mixture and pure crop stands. Moringa, when mixed with Leucaena, had 
initially a higher growth than the other species (Fig. 2.12a). 
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2.3.7 Biomass prunings production 
Trees were first pruned at 60 cm height above ground level 42 weeks after field 
planting (Fig. 2.13). All biomass above 60 cm was removed at the end of July of 
2003, and all regrowth above 60 cm was removed three months after at the end of 
the rainy season at 54 weeks after field (Fig. 2.14), and thereafter at three months 
intervals. For each species, above-ground biomass was assessed by destructive 
harvesting of trees. For terms of discussion in this study, fodder will be defined as 
the edible biomass (sum of foliage and branches thinner than 0.5 cm) obtained by 
each pruning. 
Destructive harvesting was carried out in three central alleys formed by the 
trees. Subsequently, these harvest branches were separated into woody twigs, 
leaves and main branches (woody branches) on each tree species. Fresh weights of 
all harvested biomass trees were obtained in the field before taking sub-samples of 
known fresh weight for dry weight determination (oven drying at 60 °C and 70 °C 
for fodder and woody tissue, respectively) to enable calculation of dry biomass. 
Once dried, the samples were combined by plot and biomass compartment, ground 
to pass a 1.0 mm mesh and homogenised for chemical analysis determination of 
total nitrogen, acid detergent fibre (ADF), neutral detergent fibre (NDF), 
polyphenols and tannins were determined in composite samples of leaves and 
fodder for each species. 





0 i/ 1 
'r- 
Fig.2.13. Plot of Leucaena leucocephala recently pruned to height of 60 cm 
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The biomass production showed large variability between the different species 
(Table 2.7). L. leucocephala and the Leucaena (G) mixture showed the highest 
fodder production (Fig. 2.17) with significant differences among treatments 
(p<0.05; ANOVA) at the first pruning (July 03). Guazuma monocrop and Leucaena 
(M) in mixtures also showed greater fodder production compared with Moringa 
monocrop (p<0.05). However, when comparing total biomass (fodder plus woody 
branches), results showed no statistical differences between the treatments. The 
highest wood production was obtained for the Leucaena monocrop (1.1 tlha) while 
the least was obtained in the Moringa monocrop stand (0.7 t!ha). In general, the 
total biomass production by the Leucaena(G) mixtures and the Leucaena monocrop 
greatly exceeded that of the other species (Figure 2.15). 
Table 2.7. Estimated mean biomass (±S.E.) production in kg DM ha' at first pruning (42 weeks 
planting) for tree species. 




Moringa 	4 510a 2.6 (0.21) 747-  2.6 (0.34) 12573 2.9 (0.28) 
Guauma 4 1 167' 3.0 (0.19) 919-  2.9 (0.12) 2084" 3.3 (0.11) 
Leucaena(M) 	4 16I3 3.2 (0.09) 864-  2.8 (0.21) 2477" 3.3 (0.12) 
Leucaena 4 2456k 3.3 (0.13) 1109-  2.7 (0.41) 35644 3.5 (0.16) 
Leucaena(G) 	4 2911 bc 3.3 (0.20) 991 -  2.7 (0.29) 3901a 3.4 (0.21) 
S.E.D 0.22(12d.f.) 0.40 0.25 
Wood = thicker than 0.5 cm; 'Log Transformed data 
Means followed by the same letter within a column do not differ significantly (Tukey's test at 5%) 
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Table 2.8 illustrates estimated mean fodder production per plant for each tree 
species. Estimated fodder in single and mixed plantations ranged between 66 and 
318 g DM per tree. Pure Leucaena and Leucaena(G) and Leucaena(M) mixtures 
greatly exceeded the DM production of the other species, particularly the Moringa 
monocrop (p<O.Ol; ANOVA). 
Table 2.8. Estimated tree fodder production (g DM/tree) at 42 after field plating (Mean and Std. Error). 
Treatment 	Untransformed weights 	 Transformed log weights 
(g/tree) 
n Mean Mean Std Error of Mean 
Moringa 4 66a 1.67 0.221 
Guauma 4 128 al 2.02 0.171 
Leucaena+M 4 183 b 2.25 0.069 
Leucaena 4 306k 2.43 0.127 
Leucaena+G 4 318 b 2.37 0:183 
S.E.D. 0.83 (12 d.f.) 
Standard error of the difference between means; means in a column followed by the same letter do 
not differ significantly (Tukey's test at 5%) 
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L+G 	Leucaena 	Guazuma 	L+M 	Moringa 
Treatments 
Fig. 2.15. Cumulative tree fodder and wood (kg DM ha 1 ) production from different 
tree species at 11 months after planting in mixture and as monocrops 
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The greater amount of fodder produced by the Leucaena monocrop is clearly 
reflected in Figure 2.16. The high fodder production from Leucaena monocrop or 
in mixture with Guazuma will be a reflection of the growth rates as shown in 














L(G) 	G(L) 	L 	G 	L(M) 	M(L) 	M 
Tree species 
Fig. 2.16. Fodder production from individual shrubs species (g DM/tree) from 
trees growing in mixture or in monocrops after 11 months planting 
Figure 2.17, show the cumulative fodder production, when the shrubs species grew 
in monocrops and in mixtures with Leucaena. Moringa in combination with 
Leucaena produced very little fodder compared to the Leucaena + Guazuma 
mixture. After 11 months seedling planting, the highest fodder production was 
obtained in Leucaena + G'uazuma mixture and in the Leucaena monocrop (Fig. 
2.17). 
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Mixture L+G Leucaena Guazuma Mixture L+M Moringa 
Treatments 
Fig. 2.17. Cumulative fodder production from different trees 
at 11 months after planting in mixture and monocrop 
2.3.7.1 Fodder production at 54 weeks after planting trees (November 
2003) 
After three months of regrowth, significant differences (p<0.01) in fodder 
production among the treatments were found. Fodder values ranged from 440 to 
1714 kg ha'. Moringa monocrop had the lowest yield (Table 2.9), while the highest 
production was observed in the mixture formed by Leucaena(G), followed by 
Leucaena monocrop with 1698 kg ha- . 
Table 2.9. Fodder production (kg ha') at 54 weeks after planting from different tree species 
Treatment 	 Untransformed weights (kg ha') 	 Log-transformed weights 
n 	 Mean 	 Mean 	Std Error of 
Mean 
Moringa 4 440a 2.5 	- 0.21 
Leucaena+M 4 1329b 3.1 0.09 
Guazuma 4 1384' 3.1 0.14 
Leucaena 4 3.2 0.12 
Leucaena+G 4 1714 b 3.2 0.10 
S.E.D. 0.16 (12 d. f) 
Standard error of the difference between means; means in a column followed by the same letter do 
not differ significantly (Tukey's test at 5%) 
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Fodder production per tree 
Fodder per tree yield differed significantly (p<O.Ol) among treatments. The highest 
fodder was obtained in Leucaena monocrop (216 g/tree) followed by the mixture of 
Leucaena(G), while the least production was obtained in Moringa with only 58 
g/tree (Table 2.10). Among the mixtures, Leucaena(M) had the lowest production 
with a difference of 43 g/tree less than the mixture formed by Leucaena(G). 
Table 2.10. Fodder production (g DM/tree) at second harvest (54 weeks after planted trees) of 
different tree species 	 - 
Treatment 	Untransformed weights 	 Log-transformed weights 
(g/tree) 
n 	Mean 	 Mean 	 Std Error 
Moringa 4 58a 1.63 0.216 
Guazuma 4 15 lb 2.13 0.122 
Leucaena+M 4 151 b 2.16 0.070 
Leucaena+G 4 194b 2.26 0.100 
Leucaena 2.29 0.125 
S.E.D. 0.16 (12 d.f.) 
Standard error of the difference between means; means in a column followed by the same letter do 
not differ significantly (Tukeys test at 5%) 
2.3.7.1.1 Chemical composition of prunings at three months regrowth 
Table 2.11 presents the chemical composition of the different fractions obtained 
from the species and planting combinations. The N of leaf samples ranged from 1.9 
to 4.0%, with Guazuma monocrop having the lowest amount. A similar tendency 
was observed in the fodder component; Guazuma monocrop had the lowest value 
while Leucaena, either in monocrop or in mixture, had the highest N content. 
Moringa had intermediate N content values, ranging from 2.3 to 3•1Ô/0  for fodder 
and leaf, respectively. 
With respect to the other chemical compounds determined, the differences were 
small between the treatments. However, it is interesting to observe that the 
polyphenols and total tannins values for Leucaena leaves were quite high in 
comparison to the other shrub species, but this was less apparent in the fodder 
component. On the other hand, Moringa leaves and fodder component (in 
monocrop or in mixture), had negligible or undetectable amounts (Table 2.11). 
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Table 2.11. Chemical characteristics of different plant components from the Nov. 03 harvest (54 
weeks after planting trees) 
Component/Species 
Leaves N CP NDF 
Content in prunings (%) 
ADF 	Polyphenol Total tannins Cond. Tannins 
Leucaena 4.0 25 36 20 4.6 3.4 2.9 
Leucaena(M) 4.0 25 35 21 4.8 3.5 3.0 
Leucaena(G) 3.6 23 34 19 5.1 4.1 3.1 
Moringa 3.1 19 31 21 2.1 1.6 0.0 
Moringa(L) 3.1 19 31 21 1.9 1.3 0.2 
Guazuma 1.9 12 34 18 2.8 1.9 2.4 
Guazuma(L) 2.7 17 34 18 2.4 1.5 2.0 
Fodder 
Leucaena 3.2 20 45 29 3.3 2.2 3.6 
Leucaena(M) 3.1 19 45 30 4.0 3.0 3.0 
Leucaena(G) 3.2 20 44 28 3.9 2.8 2.4 
Moringa 2.3 14 43 31 1.5 1.0 0.3 
Moringa(L) 2.7 17 38 29 1.5 0.7 0.4 
Guazuma 1.6 10 45 29 4.1 3.4 4.0 
Guazuma(L) 1.7 11 44 29 2.4 1.7 3.0 
CP= Crude protein; NDF= Neutral detergent fibre; ADF= Acid detergent fibre 
2.3.7.2 Fodder production at 66 weeks after planting trees (February 2004) 
Among the monoculture treatments, Leucaena had the highest production (1171 kg 
ha'). A significant differences (p<0.01) was observed in the Leucaena(M) and 
Leucaena(G) mixtures with respect to the monocrop stands (Table 2.12). Among 
the mixtures, Leucaena+Moringa gave the smallest fodder production (925 kg ha'). 




Untransformed weights (kg ha') 
Mean 
Log-transformed weights 
Mean 	Std Error 
Moringa 4 258a 2.2 	 0.24 
Guazuma 4 259a 2.3 0.15 
Leucaena+M 4 925b 2.9 	 0.09 
Leucaena+G 4 1027b 2.9 0.14 
Leucaena 4 1171' 3.0 	 0.09 
S.E.D. 0.18(12d.f.) 
Standard error of the difference between means; means in a column followed by the same letter do 
not differ significantly (Tukey's test at 5%) 
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Fodder production per tree 
Fodder yield differed significantly among the treatments (Table 2.13). Guazuma and 
Moringa monocrop plantations showed the lowest production compared with the 
mixtures plantation. At 17 months old, Leucaena monocrop showed significantly 
(p<0.01) greater fodder production per tree in comparison to the other monocrop 
stands. Among the mixture stands, Leucaena(G) had only 8% more fodder than the 
mixture of Leucaena(M). 
Table 2.13. Fodder production (g DM/tree) at 66 weeks after planting trees (Feb. 04) harvest of 
different tree species. 
Treatment 	Untransformed weights (g/tree) 
	
Log-transformed weights 
n Mean Mean Std Error of 
Mean 
Moringa 4 34a 1.3 0.248 
Guazuma 4 46 a 1.5 0.190 
Leucaena+M 4 105b 2.0 0.074 
Leucaena+G 4 114 b 2.0 0.117 
Leucaena 4 138 b 2.1 0.085 
S.E.D. 0.19(12d.f.) 
Standard error of the difference between means; means in a column followed by the same letter do 
not differ significantly (Tukey's test at 5%) 
2.3.7.2.1 Chemical composition of prunings after three months regrowth 
Among all treatments, Leucaena leaves and fodder had the highest N content 
(Table 2.14). Moringa(L) and Guazuma(L) leaves had remarkably similar amounts 
of N (2.0 to 2.2%). On the other hand Guazuma fodder in monocrop had the lowest 
N concentration (1.9%). Polyphenol concentration was high in Leucaena(G) leaves 
while Moringa in monocrop had the lowest value (2%). There was a pronounced 
variation of tannin concentration in both plant components, being highest in 
Guazuma (4.3 %) and lowest in Moringa (0.4 %). 
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Table 2.14. Chemical composition of different plant components harvested in Feb. 04 
Component/Species Content in prunings (%) 
Total Condensed 
Leaves N CP NDF ADF Polyphenol Tannins Tannins 
Leucaena 3.2 20 34 19 3.2 2 2.4 
Leucaena(M) 3.4 21 32 19 4.1 3.2 2.6 
Leucaena(G) 3.4 21 34 19 4.5 3.5 2.0 
Moringa 2.7 17 34 21 2.0 1.4 0.4 
Moringa(L) 2.0 13 34 23 2.6 1.7 0.5 
Guazuma 2.0 13 33 18 3.9 3.0 4.3 
Guazuma(L) 2.2 14 33 19 4.1 3.1 4.3 
Fodder 
Leucaena 3.1 19 41 26 3.7 2.6 2.0 
Leucaena(M) 3.1 19 40 24 3.4 2.5 1.3 
Leucaena(G) 2.9 18 41 25 3.5 2.7 2.6 
Moringa 2.3 14 41 26 1.6 1.0 0.4 
Moringa(L) 2.2 14 41 28 1.6 1.1 0.4 
Guazuma 1.9 12 44 26 3.4 2.4 4.3 
Guazuma(L) 2.1 13 41 23 3.9 3.0 3.1 
CP; Crude protein; NDF: Neutral detergent fiber; ADF: Acid detergent fiber 
2.3.7.3 Fodder production at 78 weeks after planting trees (May 2004) 
Among the mixtures, fodder production was largest in Leucaena + Guazuma with 
1894 kg ha'. Mixing Leucaena with Guazuma resulted in 480 kg ha more fodder 
for Leucaena than when Leucaena was grown in monoculture. Mixing Guazuma 
with Leucaena resulted in 560 kg ha' more fodder for Guazuma than that produced 
by Guazuma monocrop stands (Table 2.15). 
Table 2.15. Fodder production (kg ha') at 78 weeks after planting trees (May 04) of different tree 
species. 
Treatment Untransformed weights (kg ha') Log-transformed weights 
n 	 Mean Mean Std Error 
of Mean 
Moringa 4 	 457a 2.5 0.200 
Leucaena+M 4 10862 3.0 0.108 
Guazuma 4 	 1332a 3.0 0.174 
Leucaena 4 1413a 3.1 0.149 
Leucaena+G 4 	 1894a 3.1 0.205 
S.E.D. 0.220 (12 d.f.) 
Standard error of the difference between means; means in a column followed by the same letter do 
not differ significantly (Tukey's test at 5%) 
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Fodder production per tree 
Although treatments means were generally greater in the mixtures formed by 
Leucaena(G), estimated mean production per tree was not significantly different 
among treatments throughout this period (ANOVA; p<0.05). Fodder production per 
tree ranged from 65 to 210 gltree among treatments for Moringa monocrop and 
Leucaena(G) respectively (Table 2.16). 
Table 2.16. Fodder production (g DM/tree) at 78 weeks after planting trees (May 04) of different tree 
species 
Treatment Untransformed weights Log-transformed weights 
(g/tree)  
n Mean Mean Std Error 
Moringa 4 65 a 1.6 0.220 
Leucaena(M) 4 124a 2.1 0.091 
Guazuma 4 146a 2.1 0.160 
Leucaena 4 153a 2.1 0.140 
Leucaena(G) 4 210a 2.2 0.190 
S.E.D. 0.12 (12 d.f.) 
Standard error of the difference between means; means in a column followed by the same letter do 
not differ significantly (Tukey's test at 5%) 
2.3.7.3.1 Chemical composition of prunings at three months regrowth 
As expected, N in the leguminous species was high in comparison to the non-
leguminous ones. N concentration values in leaves ranged from 2% for the Guazuma 
monocrop to 3.7% for Leucaena(M). A similar trend was observed in the fodder 
component, with Leucaena having the highest N concentration again. In regard to the 
other chemical compounds, most of the tree leaves had high polyphenol 
concentrations with small differences between the tree species (Table 2.17). On the 
other hand, Moringa had the lowest condensed tannin content in both of their plant 
components, with very low concentrations in comparison to the other species. 
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Table 2.17. Chemical composition of different plant components harvested at May 04 
Component/Species 	 Content in prunings (%) 
Total Condensed 
Leaves N CP NDF ADF Polyphenol Tannins Tannins 
Leucaena 3.6 23 34 20 8.7 7.8 2.8 
Leucaena(M) 3.7 23 36 21 7.4 6.5 3.0 
Leucaena(G) 3.5 22 34 20 8.2 7.3 2.8 
Moringa 2.9 18 30 22 6.7 5.9 1.0 
Moringa(L) 2.6 16 34 25 5.4 4.6 0.9 
Guazuma 2.0 13 43 23 7.3 6.6 5.0 
Guazuma(L) 2.4 15 39 22 7.1 6.6 4.1 
Fodder 
Leucaena 3.1 19 47 31 6.5 5.7 1.8 
Leucaena(M) 3.2 20 46 32 6.2 5.2 3.4 
Leucaena(G) 3.2 20 46 32 7.8 6.4 2.1 
Moringa 2.5 16 41 30 4.6 4.0 0.7 
Moringa(L) 2.5 16 41 30 4.1 3.5 0.7 
Guazuma 1.8 11 49 34 5.7 5.4 3.2 
Guazuma(L) 1.9 12 48 35 6.3 5.9 3.1 
2.3.7.4 Fodder production at 90 weeks after planting trees (August 2004) 
Mean fodder production for the last harvest is presented in Tables 2.18 and 2.19. 
Estimated mean production of the Moringa monocrop showed the lowest fodder 
production (p<O.Ol), with only 265 kg ha'. Mixing species generally resulted in 
highest foliage yield particularly for the Leucaena(G). Leucaena pure or 
Leucaena(M) had intermediate fodder production with 1012 and 918 kg ha', 
respectively (Table 2.19). 
Table 2.18. Fodder production (kg ha') at 90 weeks after planting (Aug 04) of different tree species. 
Treatment Untransformed weights Log-transformed weights 
(kg ha")  
n Mean Mean Std Error 
Moringa 4 265a 2.29 0.227 
Leucaena(M) 2.95 0.065 
Guauma 4 952' 2.94 0.117 
Leucaena 4 1012b 2.98 0.092 
Leucaena(G) 4 1499' 3.13 0.120 
S.E.D. 0.17(12 d.f.) 
Standard error of the difference between means; means in a column followed by the same letter do 
not differ significantly (Tukey's test at 5%) 
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Fodder production per tree 
In the monocrop treatments fodder production per tree ranged from 36 g/tree for 
Moringa to 125 gltree for Leucaena with significant differences between treatment 
means (p<O.Ol). Among the mixtures, Leucaena+M yielded up to 30% less fodder 
than the mixture formed by Leucaena+G (Table 2.19). 
Table 2.19. Fodder production (g DM/tree) at 90 weeks after planting trees (Aug 04) of different tree 
species. 
Treatment Untransformed weights Log-transformed weights 
(g/tree)  
n Mean Mean Std Error of 
Mean 
Moringa 4 36a 1.5 0.196 
Guazuma 4 102b 1.0 0.100 
Leucaena+M 4 120b 2.1 0.070 
Leucaena 4 125b 2.1 0.092 
Leucaena+G 4 174b 2.2 0.103 
S.E.D. 0.12 1(12 d.f.) 
Standard error of the difference between means; means in a column followed by the same letter do 
not differ significantly (Tukey's test at 5%) 
2.3.7.4.1 Chemical composition of prunings after three months egrowth 
Average nitrogen in leaves ranged from 2 to 3.8%. Leucaena had the highest N 
concentration as well as the highest polyphenol content, while Guazuma had the 
lowest N content (Table 2.20). Also, Leucaena leaves and fodder presented the 
highest total tannin content (3.5%), followed by Guazuma with 2.7%. Fibre content 
differed considerably between species and was lowest for Moringa leaves, and 
highest in Guazuma fodder. Moringa was also characterised by a very low content 
of condensed tannin. 
Table 2.21 illustrates the estimated cumulative (four prunings) production of leaves, 
edible stem and total fodder for the species in mixture and single species stands. 
Leaf production measured over a one year period (from I to 2 years after planting) 
ranged from 964 to 3750 kg ha', equivalent to 68-61% of net fodder production. 
Estimated total fodder from the Leucaena + Guazuma mixture greatly exceeded 
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that of the other species (p<O.Ol). At age of 2 years the Leucaena monocrop had 
yielded significantly (p<O.Ol) more fodder than the other species in monoculture. 
Among the mixtures treatments, Leucaena + Guazuma produced 36% more fodder 
than the mixture formed by Leucaena + Moringa (Table 2.21). 
Table 2.20. Chemical composition of different plant materials harvested in August 2004 
Component/Species 
Leaves N CP NDF 








Leucaena 3.7 23 40 24 4.8 3.5 2.5 
Leucaena(M) 3.8 24 41 26 4.2 3.1 2.0 
Leucaena(G) 3.5 22 38 24 2.9 .2.2 1.3 
Moringa 3.1 19 30 20 2.0 1.3 0.5 
Moringa(L) 2.8 18 33 21 1.7 1.2 0.5 
Guazuma 2.0 13 37 25 3.1 2.7 2.4 
Guazuma(L) 2.4 15 39 26 2.5 2.2 1.9 
Fodder 
Leucaena 3.1 19 49 33 3.2 2.4 1.9 
Leucaena (M) 3.1 19 48 32 6.0 4.9 ' 	 3.1 
Leucaena(G) 3.2 20 49 34 1.9 1.4 0.6 
Moringa 2.3 14 40 27 2.1 1.4 0.5 
Moringa(L) 2.5 16 41 32 1.6 1.1 0.4 
Guazuma 1.7 11 51 36 3.0 2.7 3.2 
Guazuma(L) 1.9 12 52 37 2.5 2.2 2.6 
CP: Crude protein; NDF: Neutral detergent fibre; ADF: Acid detergent fibre 
Figure 2.18 shows the estimated mean of fodder production from the four harvests 
in pure and mixed species stands pruned at three months intervals. Estimated total 
fodder production by the Leucaena + Guazuma mixture always exceeded that of the 
other species, except for the second pruning when the Leucaena monocrop had a 
greater production. In contrast, the Moringa monocrop always had the lowest 
production, below 500 kg ha' per pruning. It is interesting to note that most of the 
total biomass yield was in form of leaves and edible stem, and with very little 
woody material recorded in the pruning of Nov 2003. 
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Table 2.21. Estimated cumulative fodder production (kg ha') from different shrubs species in mixture 
or pure stands after two years of growth. 




Moringa 4 964 454 2.1 1418" 
Leucaena(M) 4 2375 1552 1.5 3926'  
Guazuma 4 2767 1489 1.9 4257b 
Leucaena 4 3329 1965 1.7 5295bc 
Leucaena(G) 4 3750 2383 1.6 6133w 
S.E.D. 179 (12 df) 
*Wood thinner than 0.5 cm 
Standard error of the difference between means; means in a column followed by the same letter do 
not differ significantly (Tukey's test at 5%) 
It is also important to mention that most of the fodder biomass was made up of 
leaves (60-68%), while the edible stem ranged between 32 and 40% (Figure 2.19). 
Among the mixed treatments, Leucaena+Guazuma had the largest production 
(6133 kg ha year - ) with 60% in the form of leaves and the mixture formed by 
Leucaena+Moringa showed an intermediate production (3926 kg ha year - ) with 
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Fig. 2.18. Fodder production from trees prunning at three months intervals 
growing in mixtures and as monocrops 
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Fig. 2.19. Estimated cumulative (mean) fodder production for trees growing 
in mixtures and as monocrops. 
2.3.7.5 Cumulative fodder production 
Figure 2.20 shows the mean cumulative production from the different species. 
Leucaena(G) mixture had the largest production followed by Leucaena monocrop. 
The mixture formed by Leucaena(M) had intermediate fodder production. From 
this figure, it can be suggested that Leucaena contributed to the largest fodder 
proportion among the mixtures treatments formed by Leucaena+Moringa or 
Leucaena+Guazuma (Fig. 2.20). 
Figure 2.21 clearly show the differences in the cumulative production of fodder. The 
Moringa pure stand gave the least production with around 1000 kg ha year - '. 
Mixing Leucaena with Moringa resulted in 2840 kg/ha/year more fodder than when 
Moringa grew in monoculture (Fig. 2.21). Leucaena + Guazuma produced 
substantially more fodder in mixture than in pure stands (6134 kg ha' year). 
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Fig. 2.20. Cumulative fodder production (dry weight) over four growth/prunning 
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Fig. 2.21. Estimated cumulative fodder production for field growing species 
in mixtures and in monocrops. 
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2.3.8 Other factors that affected the performance of the shrub species 
during the experimental period 
With regards to Moringa, several factors may have affected the performance of this 
species. For instance, it is not indigenous to the Yucatan Peninsula, and although it 
tolerates a wide range of environmental conditions and is resistant to most pests 
and diseases (Palada and Chang 2003), it suffered severely under the shallow and 
rocky soil conditions in the present study (Figure 2.22). Dying back during dry 
weather was a common feature of this species when grown in pure stands. In 
addition, Moringa was more severely attacked by termites and ants, causing severe 
wilting and even death of the plants. Leucaena and Guazuma plants in pure stands 
were also - more susceptible to rodent and pest attack, than those from mixed stands 
(Fig. 2.22). The poorer performance of Moringa may have been due in part to 
having a less well developed root system than Leucaena but this possibility still 
needs to be investigated in future work (there was insufficient time available in this 
study to quantify root development). Generally tree or shrub species used in similar 
agronomic systems have shown deep root systems, e.g. Sesbania roots have been 
reported to grow up to 7 m deep two years after field planting, and to reach the 
water table (Torquebiau and Kwesiga 1996). The root systems of regularly pruned 
trees seem to be less competitive, however, probably because of their lower 
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Fig. 2.22. Plants of the different species showing effects of some of the pests and 
diseases found during the study. 
2.4. Discussion 
2.4.1 Tree survival and growth performance 
By the end of the experimental period (August 2004) survival rates did not show 
very great differences between the different species and planting arrangements. 
However, high mortality occurred in the Moringa single stand (30%). At the other 
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extreme, survival rates of about 86 and 88% were achieved for Leucaena in 
combination with Guazuma, and for Guazuma in pure stands, respectively. 
However, the results presented here refer only to the two years after planting, and 
may change during the subsequent phases of the plantation performance. 
Competition for water and nutrients will become more important as the shrubs 
grow older. It is known that the demand of N-fixing species for P is high 
(Marschner, 1986), and as the trees get older they will need an extra input of P in 
order to maintain an adequate supply of this nutrient, and to ameliorate inter-
species competition (Khanna 1997; Forrester et al. 2004). Moreover increasing P 
availability can reverse N inhibition of N2 fixation (Binkley etal. 2003). 
No effect due to mixing of the species was apparent on the performance of 
Leucaena(G), although an increment of up to 9 % in the survival of the Guazuma 
component in GuazumalLeucaena mixed stands was observed. Mean survival rates 
were remarkably similar for the Leucaena monocrop and the Leucaena when mixed 
with Moringa. Tree survival and growth rates for Leucaena pure and in mixed 
stands in this study were within the range of values reported for L. leucocephala in 
Puerto Rico by Parrota (1999), who studied the performance of mixtures with 
Casuarina equisetfolia and Eucalyptus robusta. 
The results of the present experiment show that, during the first few months after 
planting, Moringa grew rapidly to compete effectively with Leucaena for light and 
water (Figure 2.7a). A similar pattern of one tree species growing at the expense of 
the other was also valid for the diameter growth. Moringa in mixture or pure stands 
had greater diameter growth than the other species. In contrast, Guazuma diameter 
growth tended to be smaller in the mixture than in the monoculture. Furthermore, 
Guazuma grew with a small bush-like habit, different in structure from the other 
species under study; it also tended to produce large branches relative to its stem 
size (Figure 2.9). Nevertheless, these differences in plant morphology between L. 
leucocephala and G. ulmfolia are an advantage in mixtures (Fig. 2.23). As it has 
been mentioned by Shailaja et al. (1994), and Binkley et al. (2004), species 
growing in mixtures are expected to capture solar energy more efficiently due to a 
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better leaf "architecture". These differences in architecture shown by these two 
species, may have contributed to the increased major biomass production (Table 
2.22). Soil chemical and physical properties may be another source of variation 
which could be influenced in the differents tree growth rates attained. Micro-soil 
variation has been reported to be a commun factor in the Yucatan peninsula soils 
(Soils and Campo 2004; Weisbach et al. 2002). For example, red soils showed an 
organic C content compared to the black soils and total N were approximately 50% 
and organic p 40%  lower in red soils in the study by Weibach et al. 2002). This soil 
variation might also account for the differences response in the results attained in 
the ion exchange bags study and their effect on the SE observed (increase and 
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2.4.2 Tree fodder production 
The results obtained from this work show that the monoculture and mixed stands 
produced abundant foliage during the experimental period. However, significant 
differences were found between the mixed stands; Leucaena+Guazuma mixtures 
produced up to 35% more foliage than the mixture formed by Leucaena+Moringa. 
Among the monocultures, the Leucaena stand significantly produced more foliage 
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than those of Moringa and Guazuma. The low rate of fodder production attained 
with Moringa indicates that it was poorly adapted to the soil conditions in addition 
to the great susceptibility to insects or pests, as reflected in the severe ant attack on 
the young shoots sprouting a few days after the tree pruning, which impeded 
complete recovery of the trees (Fig. 2.22). 
Fodder (leaf+twigs) of the different planted stands was in the range of 1.9 to 9.0 
tonne ha'. The mixed stand of Leucaena(G) recorded the greatest biomass while 
Moringa on its own recorded the lowest. Results for biomass production from the 
literature are below those found in this study. Chirwa et al. (2003b) reported for a 3 
year study of using mixtures of multipurpose trees mean values of foliage (leaf + 
twig) of 100 to 300 kg ha' for Leucaena only and Leucaena+Sesbania, 
respectively. On the other hand, Salako and Tiang (2001) reported for a 3 year 
experiment with leguminous and non-leguminous tree species a mean annual leaf 
and twig biomass addition of 3.5 ton ha' for Leucaena. 
Fodder production from the single species stands of G. ulmfolia, although less than 
L. leucocephala, exceeded the productivity of Moringa. The result found in this 
study can be explained basically for one major reason; the excellent adaptation to 
environmental conditions of the local species in comparison to Moringa. This, 
latter species, appears to be less shade tolerant than Guazuma since it does not 
maintain an adequate amount of foliage when grown in a mixture with Leucaena. 
However, the excellent performance attained by L. leucocephala and G. ulmfolia 
during the study was not surprising, as it has been observed (data not published) 
that Leucaena and Guazuma grow well under adverse soil and weather conditions. 
The results obtained here suggest that G. ulmfolia is a shade tolerant species which 
can be mixed' with other species without negatively affecting their performance. 
The competitive reduction for light for G. ulm(folia was probably influenced by 
different canopy stratification (Fig. 2.23); L. leucocephala was taller than Guazuma. 
A similar trend was reported for Acacia mearnsii by Forrester et al. (2004), in a 
growth study with a mixed-species plantation. 
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2.4.3 Tree nutrient production and chemical composition 
The nitrogen accumulation in the foliage of the Leucaena+Guazuma mixture (282 
kg N) and Leucaena alone (244 kg N) was markedly greater than in the foliage of 
the other shrub species (Table 2.22). Although the foliage from Moringa was 
higher in .N (2.4%) than the foliage from Guazuma, over the experimental period 
the Guazuma stand accumulated 55% more N content than the Moringa stand. 
The data on nutrient concentrations for L. leucocephala (3.6 % N) are similar to 
those reported by Hernandez-Daumas (1999), in a study carried out in the National 
valley of Oaxaca, Mexico. In terms of nitrogen accumulation, G. ulm(folia and M 
olefera in combination with L. leucoephala can be considered as good 
multipurpose species for fodder production because they produce important 
amounts of nutrients which can benefit animal production substantially. 
Nevertheless, it has to be stressed here that not only the nitrogen content of the 
foliage has to be considered as an important factor in the animal food production 
and nutrition; other plant compounds such as the polyphenol + lignin and the 
tannins contents have been cited as a better parameter for characterising the quality 
and nutrient release. 
Table 2.22. Estimated cumulative fodder production (kg ha') from mixed and pure tree mixture 
stands. 
Species First Pruning Nov Pruning Feb Pruning May Pruning Aug Pruning Tot. (kg ha') 
F N F N F N F N F N F N. 
Moringa 510 13 440 10 258 6 457 11 265 6 1930 46 
Guazuma 1167 20 1384 22 259 5 1332 24 952 16 5094 102 
Leucaena 2456 79 1698 54 1171 36 1413 44 1012 31 7750 244 
Leuc-bM 1613 50 1329 41 925 29 1086 35 918 28 5871 183 
Leuc+G 2911 90 1714 55 1027 30 1894 61 1499 46 9045 282 
First Pruning=Fodder accumulated during the first 11 months after planting. 
Nov; Feb; May; Aug= Fodder accumulated in the three months interval between prunings 
F= Fodder; NNitrogen 
The polyphenol and tannin content found in this study for Leucaena and Guazuma 
species were clearly higher than those reported by Sosa et al. (2004) for the same 
tropical tree species. They found very low or non-detectable concentrations of 
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phenols and tannin in the leaves of L. leucephala and G. ulmfolia. The differences 
in these plant compounds may have been caused by the different laboratory 
methodology employed, as both studies were carried out on a very similar weather 
conditions and using the same shrub species. In addition, the feeding value of M 
olefera and G. ulmfolia foliage for livestock has not been intensively investigated 
(Soliva et al. 2005; Sosa et al. 2004), and the lack of more data on these species 
makes it difficult to draw up more precise conclusions. 
In hedgerow intercropping, the main function of shrubs, apart from any direct use 
such as fodder supply, is recycling of the nutrients and providing organic matter. 
Data compiled by Palm (1995), show that leguminous trees in hedgerow 
intercropping produced up to 20 ton hi' yeaf' of,prunings, containing about 358 
kg of N, 28 kg of P, 232 kg K, 144 kg Ca and 60 kg of Mg. Duguma et al. (1988) 
have recommended L. leucocephala as a suitable hedgerow species mainly for the 
humid and sub-humid tropics. Kang et al. (1985), reported that the prunings of L. 
leucocephala can incorporate large and important amounts of nutrients into the soil: 
160 kg N, 15 kg P. 150 kg K, 40 kg Ca and 15 kg Mg per hectare. 
In this project, the biomass production ranged from 1.9 ton hi' year -] to 9.0 ton ha 
year- ' (Table 2.22). Considering chemical information from the study of Tian et al. 
(2000), with Leucaena and complementing it with the results obtained in this study, 
it is possible to estimate the amounts of nutrients accumulated in Leucaena shrubs. 
These amounts are large: the prunings contain about 244 kg N, 14 kg P, 15 kg K, 
87 kg Ca and 43 kg Mg. From these results, an increased amount of nutrients in the 
mixed stands will be provided by Leucaena growing in mixture with Guazuma, as 
the foliage pruned is also increased. If the prunings from the hedgerow shrubs are 
returned to the soil or used as animal feed supplement, they can make a larger 
contribution to the systems. 
However, the amount of biomass produced depends largely on the tree species, 
number of trees per hectare, tree age, plant management and environmental 
conditions (Schroth 2004). In this regard, it is important to select a shrub or tree 
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species which can tolerate regular pruning, and does not suffer from major pests or 
diseases, in addition to having a good biomass production (Hairiah et al. 2003). 
Achieving success from these systems would be restricted by the farmer's 
preference for using the foliage for different purposes. Left unpruned for a 
sufficiently long period (3 to 6 months), the foliage could provided a major soil 
input in the form of mulch thus bringing benefits in terms of input of nutrients to 
the soil. More frequent pruning leads to a lower overall biomass production 
(Duguma et al. 1988), but would allow for growth of foliage throughout the year. 
2.4.4 Other issues related with the performance of the shrubs 
Although no statistical differences were found, Moringa in the mixture with 
Leucaena performed better, with an increase in the survival rate of up to 10%. It is 
possible, that the canopy of the Leucaena tree facilitates protection from insects as 
well as reducing the lost of moisture from the soil (there was a more complete 
canopy closure when the two species were growing together). Reduced insect 
attack has been reported before in mixed species (Gathumbi et al. 2002b), but 
further investigations will be necessary. 
2.5 Conclusions 
The high survival and excellent growth rates observed in this study for all the shrub 
species suggests that they have the potential not only to provide high quality fodder 
to the animal, but also for use in reforestation or for integrating into pasture-based 
or alley cropping systems. When G. ulmfolia and M ole(fera were combined with 
L. leucocephala, an increase in the heights of the two non-leguminous species was 
observed compared with when they grew in pure stands. In general, the 
performance of all species in pure stands or in mixture, under a frequent pruning 
regime, was good. However, the best results (for survival and fodder production) 
were achieved for the local species. For frequent pruning, some inputs of P 
fertilizer to stimulate growth and enhance N fixation by N2-fixing species is 
important. 
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The growth of Moringa olefera was the fastest during the experimental study and 
also had an excellent response to frequent pruning. However; its foliage production 
declined after the first two prunings, due to its hih sensitivity to insect attack. This 
species also showed a high sensitivity to the frequent dry periods in the region 
which resulted in high plant mortality in comparison to the other species, despite 
showing a better growth performance when in mixture with L. leucocephala. 
The biomass production of the different species tested in this study can be 
considered reasonably high, particularly for L. leucocephala and G. ulmfolia in 
pure and mixed stands. This behaviour can be explained by the high survival rate, 
partially due to the high amount of rainfall received during the initial establishment 
phase and the complementarity effect in mixed plantations. 
The high contents of nitrogen and other nutrients in the foliage of Guazuma and 
Moringa, in mixture with Leucaena, make these species a suitable fodder 
alternative as a food supplement for the livestock; this is especially so during the 
dry periods when all the sources of grass fodder are scarce and of low nutritive 
quality. However, frequent removal of the foliage from the trees will result in 
severe consequences for the sustainability of the systems. Removal of biomass 
repeatedly from the trees will lead to a higher loss of nutrients from the soil than 
the amount incorporated into it. 
From this perspective, the management of trees for fodder is of paramount 
importance. Although trees, particularly N2-fixing species, regularly have a 
considerable N content in their plant component, and consequently, with such 
species, sustainability in terms of N will be less critical than the other elements 
because the N removed in the foliage harvested can be replaced by the N fixed 
from the atmosphere (Deans et al. 2003), nevertheless a good pruning programme 
has to consider also the needs of the animal and the soil. 
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3.1 Introduction 
In tropical countries the gap between food production and population growth is 
widening (Stocking 2003). This expanded demand for more effective food 
production generally means increased application of industrially produced fertiliser 
nitrogen, because N is the most important nutrient for crop growth. Nevertheless, 
research has shown that biological nitrogen fixation by legumes is an efficient way to 
supply the large amounts of nitrogen needed to produce high-yielding crops with 
high protein content. Introducing legumes into farming systems can provide a 
continuous supply of N for plant growth and providing organic matter of good 
quality to be incorporated in the soil, thus, legume species should play an important 
role in developing new strategies to increase food production (CGIAR, 2004a). 
Biological N2-fixation contributes to enhanced production directly by increasing 
yield of grain or other food crops for human or animal consumption, or indirectly by 
contributing to the maintenance of soil fertility (Giller and Cadisch 1995; Graham 
and Vance 2003). In the latter case, N 2-fixation by leguminous trees is most likely to 
constitute a relevant input to farming systems when the soil is low in N and when N 
fertiliser is scarce (Schroth et al. 2001). Additionally, trees or shrubs survive in most 
dry seasons and can contribute significantly to animal feed by providing nutritional 
foliage, in places where grassland productivity depends largely on the rainfall. 
Positive interactions among trees or shrub species may maximize above-and-below-
ground resource utilization for growth (Cadisch et al. 2002a). Intercropping legumes 
and non-legumes increases the opportunity for complementary N-use (van Kessel 
and Hartley 2000). Mixing species may also improve resilience, by improving 
nutrient cycling and enhancing resistance to pests or diseases. Additionally, mixing 
species can exploit interactions in which one species enhances the biological 
performance of another (Khanna 1998; Cadisch et al. 2002a; Gathumbi et al. 2004); 
perhaps the most important feature is the direct transfer of N from a N 2-fixing plant 
to a non-fixing plant, which can be better exploited in a mixed system 
Evidence suggests that in addition to the positive advantages to agriculture from the 
leguminous species, they also play a major role in the growth of non-leguminous 
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plants if they are planted in close contact with them (Parrota 1999; Rothe and 
Binkley 2001; Forrester et al. 2004). Reports on mixtures of leguminous trees with 
non-leguminous trees or annual crops show that the N concentration tends to increase 
in the leaves of the non-leguminous species in comparison to that of monocrop 
stands of the non-fixing plants (Khanna 1998; Chirwa et al. 2003a). New evidence 
suggests that non-leguminous crops benefit from the direct transfer of N fixed by the 
plants (Fagbola et al. 1998; Graham and Vance 2000). The roots of nitrogen-fixing 
species have more nodules when they grow in close contact with roots of non-
nitrogen-fixing plants (van Noordwijk and Dommerges 1990; Sanchez 1995; Young 
1997). This increased nodulation may lead to the direct transfer of nitrogen to the 
non-nodulating plant.. Symbiotic activity in some intercropped legume species can be 
stimulated if the associated plants in the mixture exert intense competition for soil N, 
forcing the legume to rely more on symbiosis foi its N nutrition (Eaglesham et al. 
1981; Rerkasem et al. 1988). Since legumes usually do not have to compete with 
non-leguminous plants for soil N uptake, legumes grown in mixture with non-
leguminous plants usually derive a higher percentage of their N from symbiosis 
(Graham and Vance 2000). 
Despite the research evidence showing the advantages of tree mixtures and the large 
interest in soil fertility maintenance in tropical agroecosystems, few reliable 
estimates and data of N fixation from trees in mixture are available (Sanginga et al. 
1995; Schroth et al. 2001; Chikowo et al. 2004). Most of the research involving 
woody plants has been focused on single species, while other research on more than 
one species relates only to their growth in a rotation system. Strategies for enhancing 
N2-fixation in farmer cropping systems are becoming critically important, and today 
one of the most promising strategies for enhancing N2-fixation and increasing N-
uptake, thus improving the overall use efficiency of available N, is through 
intercropping systems where non-N 2-fixing plants are grown in close contact with 
N2-fixing legumes (van Kessel and Hartley 2000; Graham and Vance 2003). 
The objective of this study was to assess the potential of mixtures of shrub species 
on N2-fixation as a step towards a more natural system of nutrient cycling. Specific 
objectives were to estimate total N accumulation and the N2 from atmospheric 
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fixation by Leucaena leucocephala, and to examine if a positive interaction in 
terms of increasing the total nitrogen accumulation occurred in mixture systems 
using leguminous and non-léguminous shrubs. 
3.2 Materials and Methodology 
3.2.1 Experimental site and plant material 
The trials were established at the Faculty of Medicine, Veterinary Science and 
Animal Production (FMVZ) located in the region of Yucatan, southern Mexico. This 
experiment was undertaken in parallel with the first experiment described in chapter 
2, and more detailed descriptions of the experimental site, weather conditions, soil 
and plant species can be found in section 2.1. 
3.2.2 Preliminary studies 
3.2.2.1 Preliminary assessment of variation in 8 15 N in shrubs in the area 
To estimate the N2-fixation obtained by the 15N natural abundance method, it is 
necessary for a clear difference in 8 15N value to be detectable between the N of a 
leguminous plant and that of plants dependent on N uptake from the soil. A 
preliminary ' 5N natural abundance measurement was made on four selected species 
widely used in the region as fodder: three non-legumes: Moringa olefera, Guazuma 
ulmfolia and Brosimum alicastrum (one of the most widely known tree species in 
the region) and one legume: Leucaena leucocephala. Trees were selected from the 
vegetation adjacent to the experimental site. From each tree species 10 randomly 
selected branches were harvested and separated into morphological components, 
using only the leaves for the ' 5N determination (Table 3.1). Samples were oven dried 
at 60 °C for 48 hours and finely ground. Samples from all replicate branches were 
pooled before analysis. The final samples were determined for C and N with an 
automatic CN analyser in the School of GeoSciences, University of Edinburgh, and 
615  was determined by isotope ratio mass spectrometry at Imperial College at Wye. 
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The initial chemical and isotopic composition of the various species are 
summarised in Table 3.1. The N content of the different species ranged from 2.1 to 
5.6%. The highest N content was found in Leucaena (5.6%). The mean leaf N 
concentration of the reference (non-leguminous) species was quite high (2.7%). On 
the other hand, the non-legumes group had high 6' 5N contents, especially G. 
ulmifolia (14%o average); in the other non-legumes the 8 'N value ranged from 3.9 
to 6.3%o. The ' 5N contents of the two samples of the legume Leucaena were 1.77 
and 2.45%o (2.1%o average), i.e. the & 5N was much lower than in the non-legumes. 
This difference suggested that it should be possible to use successfully the 15N 
natural abundance method to quantify the N coming from the atmosphere. 
Table 3.1. Preliminary analyses of the vegetation surrounding the experimental field 
Sample 	 Tree age 	DM % 	%C 	%N 	C:N 	(%) 
(yrs) Ratio 
Leucaenaleucocephala 5 23 46 5.6 8 1.77 
L. leucocephala 2 30 46 4.7 10 2.45 
Brosimum alicasirum 5 35 42 2.2 19 6.26 
B. alicastrum 2 42 42 2.1 20 5.30 
Moringa o!e?fera 5 26 40 2.3 17 4.97 
M. oleifera 2 20 45 3.8 12 3.90 
Guazuma u1mfolia 5 35 47 2.7 18 14.06 
G. ulmifolia 5 35 47 3.1 15 12.30 
3.2.2.2 Seedling assessment for suitability in the estimation of N2-fixation by 
the natural abundance method 
The purpose of this preliminary assessment was to explore the potential use of these 
species (non-leguminous) as reference plants, by investigating the ' 5N variation in 
the leguminous and non-leguminous plants, and comparing their morphological 
characteristics. As the "ideal", reference plants should have: (i) similar root 
distribution, (ii) similar temporal N uptake and (iii) the same preferences for uptake 
of inorganic and organic soil N as the N 2-fixing species (Shearer and Kohl, 1986; 
Peoples at al., 1989; Boddey et al. 2000). Therefore, randomly selected seedlings 
were uprooted and carefully cleaned with water the whole plant was measured with a 
ruler in order to determine the plant/root ratio. All the different sections (roots, stems 
and branches) were collected and dried at 60°C for 48 hours for chemical analysis. 
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These parameters were determined one month after transplanting the seedling in the 
field. 
Table 3.2 shows the initial results for 8 15N from the three species under study. The 
mean 8 15N of Leucaena ranged from 2.2 to 2.7. The 5 15N values of the non-N2-fixing 
trees ranged between 4.2 and 4.7 for M ole(fera and G. ulmfolia respectively. These 
differences between the leguminous and non-leguminous plants further indicated that 
the ' 5N natural abundance method should be capable of quantifying the N coming 
from the atmosphere into the legumes. 
Table 3.2. Preliminary analyses for C, N, and 15N in the experimental seedling 
Specie Length of the seedling % C % N N(%.) 
(cm) 
Stem 	Roots 
L. leucocephala 27 	24 46 3.0 2.69 
L. leucocephala with roots 51 45 2.3 2.21 
G. u1mfo1ia 15 	19 44 2.1 4.71 
G. u1mfoIia with roots 35 44 1.4 4.61 
M olefera 27 	16 43 2.0 4.18 
M oIefera with roots 43 40 1.4 5.03 
Note: The C, N analyses were done at Edinburgh University and 15N done at Imperial College at Wye. 
Table 3.3. Tree and root length (cm) from randomly selected tree seedlings 
Moringa (cm) Guazuma (cm) Leucaena (cm) 
Stem 	Roots Stem 	Roots Stem Roots 	Nodules/tree 
26 	10 10 	14 17 11 11 
22 16 19 24 32 19 8 
21 	16 25 	13 27 26 16 
35 17 4 36 25 20 13 
34 	16 13 	16 38 15 28 
30 16 16 19 37 36 21 
24 	14 18 	15 25 24 9 
18 19 20 23 22 19 9 
41 	19 18 	18 19 25 18 
20 20 13 16 29 41 20 
Mean: 27 	16 15 	19 27 24 15 
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Table 3.3 shows the results of the different tree parameter such as: root length and 
the length of the main stem as well as the nodule number in Leucaena seedlings. 
These preliminary data suggested quite similar main physiological (root length) 
characteristics between the species, and also showed that all the Leucaena plants 
analyzed were nodulated (Figure 3.1). 
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Fig. 3. 1. Leucuena /eucocepiiala root systems showing attached nodules. 
3.2.3 Fodder bank establishment and pruning management 
Three species (Leucaena leucocephala, Guazuma u1rnfo1ia and Moringa olefera) 
were established from 4-weeks-old seedlings previously grown in nursery 
polyethylene bags (see 2.2. for description of the plants, agronomic management). 
Shrubs were harvested Ii months after field planting and thereafter at three-month 
intervals. The shrubs were cut at 50 cm above soil level. For the 6 15N determination, 
the leaves and stem (< 5 mm) were separated and one composite sample of 
leaves+stem (Fodder) was also included. Each plant component in the sample was 
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at 60°C (for two days for the leaves and three days for stems), and thereafter weighed 
and finely ground for chemical analyses. Plant material was analysed for total C and 
N content and stable isotope ratio (8 15N), using a coupled CN analyser and mass 
spectrometer system in the School of GeoSciences, University of Edinburgh. The 
results of the nitrogen isotope composition were expressed in standard notation 
( 15N) in parts per thousand (%o) relative to atmospheric N 2, where 8 15N= 1000 x 
[(atom % 15N-0.3663)I0.3663]. 
3.2.4 Experimental design and statistical analyses 
The experiment consisted of five treatments (three different species planted on their 
own, plus mixtures of Leucaena with each of the two non-legumes), replicated in 
four blocks of a randomized complete block design, consisting of five rows per 
treatment, arranged in 20 plots. At the moment of transplanting trees in the field, two 
trees per treatment and their respective replicates were uprooted for total N and 815  
analysis and to allow a qualitative assessment of in-field root nodulation pattern 
(Table 3.2). Each biomass component was weighed in the field and random 
subsamples were taken and oven dried to constant weight at 65 °C. These subsamples 
were subsequently used for nutrient analysis. Mean estimates of the nitrogen fixed 
were calculated for each treatment and sampling time, and reported with their 
standard error. Total nitrogen accumulation (kg ha') was calculated by multiplying 
prunings dry weight by their nitrogen content. Analysis of variance, followed by 
Tukey's.test, was conducted to compare nitrogen content among treatments and the 
different plant components. All statistical analyses were performed using SPSS 
(version 10.0). 
3.2.5 Plant sample preparation for field N2 fixation assessment 
From the experimental site, five randomly selected trees from each treatment were 
sampled for ' 5N natural abundance measurement at the first pruning (11 months after 
seedling transplantation). Different parts of the whole plant (trunks, leaves, stems 
and twigs) were taken in order to undertake a preliminary analysis and decide if 
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splitting into different parts would be necessary for the next biomass assessment. To 
have a representative sample, four branches per tree were randomly selected, the 
subsamples from the branch were retained and the fresh weight recorded. Samples 
were dried at 60°C to constant weight before grinding for dry matter determination 
and later chemical analysis. The woody material was chopped to pass through a 1 
mm mesh before grinding in a rotary mill. The rotary mill was carefully cleaned 
between samples to prevent cross-contamination. 
3.2.6 Analysis of the percentage of N fixed by the natural 15N abundance 
method 
Eleven months after the trees planted, L. leucocephala, G. ulmfolia and M olefera 
were all pruned to 50 cm above the ground surface at three-month intervals (July 03, 
Nov 03, Feb 04, May 04 and Aug 04). After the first pruning, all the plant 
components (trunks, leaves, stems and twigs) were analyzed separately for total N 
and 15N, after grinding subsamples, particularly fibrous stems, to sufficient fineness 
(<1 mm) in a rotary mill. 
The ' 5N natural abundance was calculated according to Bremer and van Kessel 
(1990): 
'5N I at.%15N(samPle) - at.%' 5 N(standard) = 	 at.%'5N(standard) 	 11000 	(1) 
Where the standard is atmospheric N2 gas (0.3663 at.% 15N). 
The percentage of nitrogen derived from atmospheric N 2 (%Ndfa) was estimated 
according to the following equation (Shearer and Kohl 1993): 
%Ndfa = 
5 Nre - 8 '5Nfixingplant 
100 	 (2) 
15 Nref - 
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where: 
6 15Nref 	represents the level of ö 15N detected in a reference plant growing in 
the same soil condition at the same time as the test legume, 
' 5Nfix ing  plant is the 15N abundance of the legume, 
is the ' 5N abundance (%) of the legume growing in an N-free medium, 
obtaining all of its N from N2 fixation 
The P value was determined by growing the tree legume in washed ground stony 
material, irrigating the plants with an N-free nutrient solution (see next section). 
3.2.7 Pot experiment to determine the isotopic ratio of biologically fixed 
N from atmosphere (8 15N) in Leucaena leucocephala shrubs (a-value) 
A pot experiment was undertaken to determine the isotopic ratio of biologically fixed 
N from the legume species (L. leucocephala) growing in N free medium, as proposed 
by Shearer and Kohl (1986). Seeds for planting were previously selected from adult 
Leucaena trees occurring naturally in the area. Before sowing, these seeds were 
treated with hot water to improve and standardise the germination. Three seeds per 
pot were planted and after germination one seedling was retained for growth and 
later analysis. The seeds were planted in previously prepared bags each filled with 
2.5 kg of washed ground stony material, which was carefully cleaned to remove any 
plant material residues. The stony material was used because it was known to be free 
of N (Castillo and Cervera 1998). A soil inoculant was prepared from soil collected 
from a naturally occurring Leucaena stand. 250 g of water and 5 g of soil were 
shaken for 30 min and left to settle before applying to the already germinated 
Leucaena seedlings at a rate of 5 ml per pot three times at intervals of 2 days 
(Gathumbi et al. 2002a). To confirm if the seedlings were truly nodulated, 8 and 24 
days after the inoculum solution was applied, five seedlings were randomly selected 
from the pots and uprooted to look for nodule occurrence (Figure 3.2). 
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The study was carried out in a greenhouse with a transparent roof to protect the 
seedlings from rain; manual weeding was practised periodically to maintain the 
seedling containers free of weeds (Figure 3.3). The seedlings were irrigated daily 
with 100 ml, during the first 30 days, and 200 ml thereafter until they were harvested 
with an N-free nutrient solution containing MgS0 4 7H20, K2 SO4, CaC1 2 2H20 and 
Na2 Mo04 4H20, ZnSO4 7H20 as micronutrients (Kreibich 2002). 
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3.2.7.1 Sample material preparation and analyses 
Randomly selected plants were chosen for measurement of height and stem diameter 
at two-week intervals. Three months after seed germination, all plants were harvested 
and the roots thoroughly and carefully washed to avoid loss of any nodule. Each 
plant was divided into leaves, stem and roots. The plant samples were dried at 60 °C 
for 48 h or until they reached constant weight, and finely ground. They were 
analyzed for total C and N and S 15N, using a coupled CN analyser/isotope ratio mass 
spectrometer in the School of GeoSciences, University of Edinburgh. 
The 8 15N value (3-value) of the whole plant was calculated according to the formula 
developed by Shearer and Kohl (1993): 
8
15N[(t%T . 6'Nn)+ (Nxr . 8' 5 N1)+ (N . 	+ (Nxi 
Xn + Xr + Xs + Xl 
where: 
N is the nitrogen accumulated in the plant tissue and n, r, s and 1 refer to the nodules, 
root, stem and leaves, respectively, and 815  Nn  etc. are the values for each of these 
tissues. - 
3.3. Results of Main Experiment 
3.3.1. Nitrogen and Nitrogen-15 Natural Abundance Analysis 
Table 3.5 gives the results of the nitrogen analysis (S 15N, and total N) of the different 
plant components from the harvest of July 2003. The comparison of the S 15N of the 
two non-N2-fixing species reveals that differences for both leaves and fodder 
("i'odder" as used here refers to whole leafy stems that are fed animals, where the 
• stem diameter is 5 mm or less) between the different planting arrangements were not 
significant. The values for the non-N2-fixing reference plants (taken as indicative of 
the ' 5N abundance of plant-available soil N) remained substantially the same for the 
two species, ranging from 2.72 to 3.24 %o for leaves and 2.39 to 3.0 %o for fodder 
(Table 3.5). Among the Leucaena samples, edible stem and woody material showed 
the lowest 815  values, followed by fodder. The 815  values of fodder of the 
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reference plants were generally 2%o higher than the same tissue of the Leucaena 
(Table 3.4). 
Variation of 6 15N and N in leguminous and non-leguminous shrubs 
The N concentration in the different plant parts of Leucaena in pure or mixed stands 
were not significantly different (P<0.05). Leaves and edible stem showed less 
variability than the fodder and woody material (Table 3.4). The N content in the 
Leucaena leaves (3.3 % average), was quite similar to the N content in the fodder 
(3.1 % average). In general, for the three shrub. species, the total N concentration was 
higher in leaves than in woody tissue. 
Table 3.4 Distribution of the 15N abundance (8 15N) and total N in different plant 
component from L. leucocephala grown in pure or mixed with the non-N 2-fixing 
trees of G. ulmfolia and M olefera. 
Legume Leaves Edible stem Fodder Woody 
material 
6' 5N(%o) %N 6' 5N(%o) %N ' 5N(%o) %N 8 5N(%o) 	%N 
Leucaena 1.67 3.28 -0.65 1.29 0.29 3.14 -0.65 	0.72 
Leucaena(G) 0.56 3.29 -0.80 1.09 0.80 3.36 -0.77 0.91 
Leucaena(M) 0.63 3.29 -1.08 1.31 0.48 2.84 -1.56 	0.61 
SED 0.19*** 0.12 0.16 0.36 0.28 0.26 0.52 0.15 
Non-N2-fixing Leaves Fodder 
species 5' 5N(%o) 	%N 8' 5N(%o) %N 
2Guazuma 2.82 1.76 (0 .07)a 2.39 1.45 (0.15) 
'Guazuma(L) 2.72 	2.03 (018)ab 2.57 1.69 (0.13) 
'Moringa(L) 3.26 2.50 (013)bc 3.02 2.07(0.14) 
2Moringa 3.24 	2.75 (0.20)' 2.69 1.84 (0.21) 
S.E.D. 0.45 ns 0.20** 0•43flS 0.24ns 
adjacent to Leucaena; 2  distant from Leucaena. S.E.D.: standard error of the difference between 
treatment means. Standard errors means (SEM) values are presented in parenthesis. 
The 8 15N values of the Leucaena samples from pure or mixed stands were all 
significantly lower (P<0.01) than those for either G. ulmfolia or M olefera, 
indicating assimilation of various proportions of fixed N (Table 3.5). The 815  values 
in Moringa tissue were on average, 2.77 %o, while in Guazuma had in average 
2.70 %o. On the other hand, the Leucaena 8 15N values ranged from 1.06%o in 
Leucaena in pure stand to 0.67%o in Leucaena in mixture with Moringa, followed by 
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Leucaena in mixture with Guazuma (0.95 96o average). This general pattern showed 
by the 515  values of the fodder was the same in the leguminous shrubs and the non-
N2-fixing species. Therefore it is appropriate to use the isotopic ratios of the fodder 
for %Ndfa calculations (Shearer and Kohl 1986). 
Table 3.5. Changes with time in the 6 15N levels in regrowth of leguminous and non-leguminous 
species growing in pure or mixed stands. 
Time of pruning 	 6'N (%o) 
(months after 
planting) 	 Moringa Guazuma Leucaena Leuc. (M) Leuc. (G) 	SED 
11 Months (Jul 03) 2.69a 2.39" 0.285 '  0.483 '  0.802'  0.346*** 
14 Months (Nov 03)' 2 . 30a 2.16a 1.20'  0.843 '  0.945'  0.290*** 
l7 Months (Feb O4) 3.33 a 
354a 1.71' 112b 111b 0.364*** 
S .E.D.: standard error of the difference between treatment means. 
Means followed by the same letter within a column do not differ significantly (Tukey's test at 5% 
The 6 15N values of different plant parts from the same individual trees (Leucaena), 
revealed significant differences between the 8 15N values of leaves, and the other 
plant components (Table 3.6). For the mixed stands, the values of' 5N for leaves and 
fodder were not significantly different. But significant differences existed between 
leaves and fodder, edible stem and woody material, within the same individual plant. 
In the mixture the 6' 5N values ranged between 0.48 and 0.80 for the fodder and 
between -1.56 and -0.77 for the woody material. 
Table 3.6 Values for 15N of the various tree components of L. leucocephala in pure 
or mixture with the G. ulmifolia and M olefera after 11 months planting. 
Plant component 515  (%o) In pure or mixed planting 
Leucaena Leucaena (M) Leucaena (G) 
Leaves 1 .67a 0 . 63a 0 . 56a 
Fodder 029b 0 . 48a 0 . 80a 
Edible stem 065b 108b 080b 
Woody material 065b 156b 077b 
SED 0.31*** 034*** 0.26*** 
S.E.D.: standard error of the difference between treatment means 
Means followed by the same letter within a column do not differ significantly (Tukey's test at 5% 
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3.3.2 Greenhouse study of the isotopic ratio of biologically fixed N from 
the atmosphere (8 15N) 
The different Leucaena plant components obtained in the pot experiment are shown 
in Table 3.7. Plants were harvested 90 days after sowing and separated into different 
plant components. At the end of the experiment, the Leucaena plants had a total 
biomass of 3.67 g dry matter (average of 10 plants), of which 27 % was stem, 35 % 
leaves and 38 % roots including nodules (2 %). At the harvest time, the height of the 
seedling ranged from 30 to 50 cm (41 cm average), while the main root system 
ranged from 25 to 35 cm (30 cm average). The nodules were of varied size and 
weight (Figure 3.4), and the nodule number per plant ranged from 22 to 78 (Table 
3.7). Subsamples of each material evaluated were analyzed for 8 ' 5N and total 
nitrogen (Table 3.8). 
Table 3.7 Lengths of stems and roots, and nodule numbers for L. leucocephala 
grown in N-free medium for three months. 
Stem 	 Root 	 Nodules 
Plant No. diam. (mm) length (cm) 	length (cm) Number/plant 
1 5 40 35 22 
2 3 30 25 74 
3 4 40 30 30 
4 6 45 35 78 
5 3 35 30 64 
6 4 40 30 60 
7 5 50 30 55 
8 3 35 25 35 
9 6 50 30 60 
10 5 45 30 52 
Mean 	5 	41 	 30 	 53 
Std error 0.37 2.08 1.05 5.87 
3.3.2.1 Estimation of 8 15N value of entire plant from 815  values of plant parts 
The 8 15N values for stems, roots, leaves and nodules for the Leucaena plant 
dependent solely on fixed N showed a greater isotope fractionation between the 
different plant components (Table 3.8). Nodules had on average a 8 15N enrichment of 
11.4%o at three months after the Leucaena seed was planted, compared to only 
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1.1 896o in the roots, while for the stem, the observed 5 15N values were negative: - 
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Table 3.8. Estimates of the N and 6 15N of symbiotically N-dependent Leucaena grown in N-free 
medium and harvested after three months planting. 
N and t5N of the individual parts of the Leucaena plant 
Plants 	Stem 	 Roots 	 Leaves 	Shoots 	Nodules 
No 	N(%) 8 15N(%o) 	N (%) 	5N(%o) 	N(%) 5N(%o) 	5N(%o) N(%) 5N(%o)* 
1 1.1 -1.38 1.4 1.72 5.3 -0.29 -0.15 
2 1,0 -1.43 1.3 1.60 3.4 -0.44 -0.48 
3 0.4 -1.60 1.5 1.03 4.0 -0.40 -0.35 
4 1.0 -1.71 1.3 0.18 3.3 -0.02 -0.23 
5 1.2 -1.38 1.2 0.62 3.8 -0.01 -0.30 	7.1 	10.8 
6 1.3 -1.15 1.4 1.67 3.9 -0.09 -0.27 
7 1.2 -0.88 1.4 1.30 4.1 -0.67 -0.39 
8 0.9 -1.37 1.4 2.13 3.4 -0.44 -0.45 
9 1.0 -1.43 1.4 0.152 4.0 -0.07 -0.19 
10 0.9 -1.38 2.3 1.18 3.5 -0.20 -0.28 	6.9 	12.0 
Mean 1.0 -1.37 1.4 1.44 3.9 -0.26 -0.31 	7.0 	11.4 
Std Error 0.160 0.088 0.143 0,211 0.179 0.077 0.026 
*Nodules had only two samples for the 5N(%o) due to its low dry matter content and the difficulties 
to had a individual plant samples, thus only two composed samples were made from five plants each. 
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The nodules had the largest N content of all the Leucaena components (7 % N 
average). Overall the Leucaena plants accumulated during the three months 
experimental period 84 mg of N, of which 5 mg was in nodules, 18 mg in roots, 10 
mg in stem and 50 mg in leaves. The results obtained in the pot experiment and 
presented in Table 3.8 were used to calculate the weighted mean 515  N  of the whole 
plant grown in N-free medium and the value obtained was used as the 0-value for 
the %Ndfa calculation. The result for the whole Leucaena plant was ö 15N = 0.617%o. 
3.3.3 N2-fixation by Leucaena 
The proportion of N2 fixed from the atmosphere (%Ndfa) by Leucaena was 
calculated using the ö 15N (%o) mean value of each non-fixing shrub species. The 
assumptions 1 and 2 in Table 3.9 and 3.10 correspond to the calculation of %Ndfa of 
Leucaena using Guazuma and Moringa as reference plants, respectively. 
The %Ndfa in the different Leucaena plant components (using G. ulmfolia as 
reference plant) were 45, 70, 58 and 68 % for leaves, fodder, edible stem and woody 
tissue, respectively (51 % average). Fodder was the component that had the greatest 
N2-fixed (70 % average), for Leucaena in the different planting arrangements (Table 
3.10). The disparity in calculated values using the two reference plants was very 
narrow, except for the leaves, where the values were 45 and 57%, using Guazuma 
and Moringa as reference plants, respectively. Considering the whole plant average, 
Leucaena in mixture with Guazurna and in pure stand, on the basis of using Moringa 
as reference plants, fixed 61% of its N. Estimates of N2-fixation were lower when 
Guazuma was used as the non-N2-fixing reference plant (51 %). In general, for the 
fodder component of the pure or mixed stands, there was a higher proportion of N 
derived from the N2-fixation (56 to 73 %) than in the other components. 
3.3.4 N contribution by the legume 
The estimated net N contribution by Leucaena in pure or mixed stands was 
calculated using the fodder average of the estimated %Ndfa from Table 3.9, 
combined with their respective biomass production and N content, from the 
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agronomic evaluation (section 2.3.6). The amount of fixed N contained in the 
biomass ranged from 26 to 60 kg ha (Table 3.10). 
Table 3.9. Estimates of% Ndfa (average) in different plant component of L. leucocephala planted in 
mixture with G. u/rn ffolia  or M. o/ejfera and harvested at 11 months after field planting. 
N2-fixation (Ndfa) estimate % 
Planting 
arrangement 	Leaves 	Fodder 	Edible Stem 	Woody stem 	Whole plant 
Leucaena(1) 45a 70 58 58 51 
Leucaena(2) 57b 73 62 62 61 
Leucaena(G) 62b 56 56 57 61 
Leucaena(M) 66b 70 54 40 55 
S.E.D. 6.95** 6.90 10.43' 13.17 
Considering G. u1rnfolia as the refereice plants 
Considering M olefera as the reference plants 
S.E.D.: standard error of the difference between treatment means 
Means followed by the same letter within a column do not differ significantly (Tukey's test at 5% 
The highest estimated net N contribution was found with Leucaena in pure stands, 
using Moringa as reference plants, which also had the greatest biomass yield. On the 
other hand, the smaller amounts of total fixed N in the mixture formed by 
Leucaena/Moringa (41 kg N had ) related mainly due to the poor biomass yield at 
harvesting. Soil-derived N observed in Leucaena in mixture with Moringa was 9 kg 
ha', while Leucaena, based in the use of Guazuma as reference, took up the largest 
amount of soil N (25 kg hi'). In average, Leucaena in pure stands and in mixture 
with Moringa fixed about 70% of its total N, while Leucaena in mixture with 
Guazuma derived 56% of its total N from the atmospheric fixation (Table 3.10). 
Table 3.10. Estimates (kg) of Ndfa (average) in different plant component of L. leucocephala planted 
in mixture with G. u/rnfolia or M o/efera and harvested at 11 months after field planting. 
Biomass production (kg ha') kg N kg Ndfa ha' 
Planting 
arrangement fodder % N wood % N fodder 	wood fodder wood. Whole plant 
Leucaena(1) 2456 3.1 1109 0.7 76 	8 53 5 58 
Leucaena(2) 2456 3.1 1109 0.7 76 8 55 5 60 
Leucaena(G) 1950 3.4 743 0.9 66 	7 37 4 41 
Leucaena(M) 1242 2.8 368 0.6 35 2 25 1 26 
using G. uIrnfolia as the reference plants 
using M ole?fera as the reference plants 
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The N content in the leaves obtained from Leucaena did not differ significantly 
(p>0.05) between the different planting mixtures and the pure stand. The N 
concentration in the edible stem was slightly lower for Leucaena in mixture with 
Guazuma. The N in the whole plant ranged from 5 to 10.6 g tree'. Leaves made the 
greatest N contribution to the systems, with about 80 to 85% of the total N in the 
plant (Table 3.11). Concentrations of N in the fallen leaves were relatively high 
(2.0% N in DM); with the high tree densities resulting from planting in alleys for 
fodder production, the amount of N in the fallen leaves is therefore likely to be large. 
Table 3.11. Distribution of N in the plant component of L. leucocephala when grown in pure or mixed 
with G. u/rn j/b/ia or M olej/'era sampled at 11 months after planting. Values in parenthesis indicate 
the %N. 
Planting 




Leaves 	 Edible Stem 	Woody material 	Fallen leaves 
DM Tot. N 	DM Tot. N DM Tot. N 	DM Tot. N DM N 
Leucaena 244(3.3) 8.0 	61(1.3) 0.79 133 (0.72) 0.96 	46(1.9) 0.87 484 10.6 
Leucaena(G) 157 (3.3) 5.2 	52(1.1) 0.57 83 (0.91) 0.76 	27(1.9) 0.51 319 7.0 
Leucaena(M) 114(3.3) 3.7 	27(1.3) 0.35 95(0.61) 0.58 	23(2.0) 0.46 259 5.1 
SED 0.12"' 0.16 0.15"' 3.1' 
'Total dry weight per tree 
S.E.D.: standard error of the difference between treatment means 
Calculation of the proportion of N derived from the atmosphere in Leucaena using 
the natural ' 5N abundance method suggested that approximately 70% was fixed N2 
after 11 months planting, for both the legume in a pure stand and mixed with 
Moringa. However, when Leucaena was grown in mixture with- Guazuma the 
proportion of N derived from the N2 fixation was reduced by up to 10 % (Figure 3.5). 
In general the amounts of the Ndfa were generally high for the different Leucaena 
combinations, ranging from 56 to 73%. 
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Leuc(2) 	Leuc(1) 	Leuc(M) 	Leuc(G) 
Leucaena planting arrangement 
Fig. 3;5. Estimated %Ndfa in L. Ieucocephala in pure stands or in mixture with 
G. ulmifolia or M. o!eifera. Leuc(1): using G. ulmifolia as reference plants; 
Leuc(2): using M. oleifera as reference plants. SED is the standard error 
between means. July 03 pruning. 
The amount (kg N ha') of N fixed from the atmosphere in the fodder is shown in 
Figure 3.6. The lowest amount of N was found in Leucaena (M) and Leucaena (G) 
with 25 and 37 kg ha', respectively. In the Leucaena pure stands, the mean 
contribution of fixed-N2 ranged from 53 to 55 kg had , on the basis of using either 
Moringa or Guazuma as reference plants. Comparison of the soil N removal showed 
that the mixture formed by Leucaena (M) utilised less soil N for growth than 
Leucaena in pure stand. In general, Leucaena in the different planting arrangements 
obtained a large proportion of its N from N2 fixation. 
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Leucaena(2) 	Leucaena(1) 	Leucaena (G) 	Leucaena (M) 
Leucaena plot arrangement 
Fig. 3.6. Amount of Ndfa (kg N ha -1 ) of L. leucocephala. Leuc(1): using G.ulrnifolia 
as reference plants; Leuc(2): using M. oleifera as reference plants. July 03 pruning 
3.3.5 Estimation of N 2-fixation under field conditions (November 2003 
harvest). 
Levels of 8 15N in the Leucaena different plant components are presented in Table 
3.11. The values for the non-N2-fixing reference plants showed low variability, 
indicating a low spatial heterogeneity in the soil 8 15N, and also suggesting that the 
site might be appropriate for the application of the 15N natural abundance 
methodology. Significant differences (p<O.Ol) existed in 5' 5N between non-fixing 
species and Leucaena (Table 3.5). Values ranged from 2.1 to 2.9 %o 8 15N for the non-
fixers and from 0.29 to .1.2 %0815  N for the Leucaena (Table 3.12). 
The N2 fixation estimation used the 8 15N values from the non-N2-fixing species when 
grown in mixture with Leucaena ("adjacent to") and in pure stand ("distant from") 
(Table 3.12). The percentage of Nfda fixed in the leaves using the adjacent or distant 
reference plants were almost the same: 62 and 61%, respectively, while the 
corresponding values for the fodder material were 46 and 48% of Nfda using, the 
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Table 3.12 Estimates of %Ndfa by L. leucocephala in pure stands and in mixture with non-N 2-fixing 
shrubs. 
Legume 	 Nitrogen fixation estimate (%) 
Tree part 	6' 5N (%o) 	%N 	'Adjacent to 	'Distant from 
Leucaena 	Leaves 1.00 4.0 53 (0.71) 45 (0.31) 
Fodder 1.20 3.2 49(0.46) 35 (0.22) 
Leucaena (M) 	Leaves 0.29 4.0 69(l.00) 69 (2.01) 
Fodder 0.84 3.1 50 (0.33) 47 (0.31) 
Leucaena (G) 	Leaves 0.46 3.6 64(l.60) 69 (0.60) 
Fodder 0.95 3.3 44(0.63) 56(0.31) 
Non-N2 fixing Adjacent to Distant from 
trees control N (%o) ' 5N (%o) 
G. ulm ff0/ia 	Leaves 2.82 (0.48) 2.33 (0.14) 
Fodder 2.91 (0.37) 2.16 (0.14) 
M. 0/cf/era 	Leaves 2.73 (0.10) 2.68 (0.46) 
Fodder 2.10 (0.19) 2.30 (0.17) 
aus i ng  values obtained from the reference plants grown in mixture with Leucaena or as pure stand. 
Standard error of the means (SEM) values are presented in parenthesis 	- 
Calculations of the proportion of N derived from the atmosphere in Leucaena for two 
pruning periods are shown in Table 3.13. For the prunings in November 2003, the 
leaves had the largest %Ndfa (59 % average) compared with only 44 % in the fodder. 
On the other hand very small differences were found in the material pruned in 
February 2004, when leaves fixed 52 % on average and the fodder materials fixed 
51 % (Table 3.13). Although the proportional contributions of Ndfa in Leucaena in 
the different planting arrangements varied, there were no statistically significant 
differences (p>0.05) between the Leucaena in pure and mixed stands. The 
differences between the estimates calculated using Guazuma or Moringa as reference 
plants were smaller in the February sampling than in November (Table 3.13). 
Table 3.13. Comparison of estimations of the proportion of L. leucocepha/a N derived from the BNF 
(%Ndfa) grown mixed with G. u/rn ff0/ia and M ole f/era. 
Treatment N2-fixation estimate % 
November 03 February 04 
Leaves 	fodder Leaves Fodder 
Leucaena(1) 45 	35 45a 44 
Leucaena(2) 51 38 48a 41 
Leucaena(M) 69 	47 68'  58 
Leucaena(G) 69 56 48a 61 
SED. 9.53 	10.38 4.72** 6.83 
(1); using G. ulmffolia as reference plants; (2); using M ole f/era as reference plants 
SED.: standard error of the difference between treatment means 
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The N concentrations and their S 15N values present in the different plant parts of the 
non-fixing species are presented in Table 3.13. The value of S 15N for leaves and 
fodder (Nov 03) are relatively similar, and ranged from 2.1 to 2.8 8 15N for both plant 
components. However, the N contents of the different species and their planting 
arrangements were significantly different (p>0.01) between leaves and fodder for the 
November 2003 sampling. Lower N contents were recorded for Guazuma leaves and 
fodder from the pure stand, with 2.0 and 1.6%, respectively. No differences were 
found in the February 2004 sampling, the values ranging from 2.0 to 2.7% of N for 
leaves and from 2.0 to 2.3% of N for the fodder component (Table 3.14). 
Table 3.14 N concentration and 3 15N (%o) signature for leaves and fodder of different non-legumes 
species growing in pure or in mixture with Leucaena and pruning at three months interval (Nov. 03 






N(%) 8 "N N S I N N(%) 6"N N(%) 
Guazuma 2.33 2.0(0.13) 2.16 1.6(0.07) 3.44 2.0(0.19) 3.54 2.0(0.14) 
Guazuma(L) 2.82 2.7 (013)b 2.91 1.7 (0.08)' 3.32 2.2 (0.08) 3.85 2.1 (0.09) 
Moringa 2.68 3.1 (012)b 2.30 2.3 (0.21) 3.71 2.7 (0.05) 3.33 2.3 (0.24) 
Moringa(L) 2.73 3•2(0•10)b 2.09 2.7(o.20) 4.10 2.0(0.28) 3.48 2.2(0.21) 
SED 0.50 0.19 0.28 0.21** 0.49 0.27 0.45 0.17 
Standard errors of means (SEM) values are presented in parenthesis. 
Means followed by the same letter within a column do not differ significantly (Tukeys test at 5% 
Of the material from the pure stands and mixtures formed by the different tree 
species, Leucaena (G) had the highest proportion of fixed N, Ndfa (58%). The lowest 
proportion of fixed N2 was estimated for Leucaena in pure stand. Estimates of N2-
fixation were lower when Guazuma was used as the non-N2-fixing reference plant, 
but the disparity in calculated values using the two reference plants was very small: 
35% and 38% for Leucaena fodder, using Guazuma and Moringa as reference plants, 
respectively (Figure 3.7). For the Leucaena in mixed stands, there was generally a 
higher proportion of N derived from N2-fixation (52 % average) in the fodder than in 
the material from the pure stand of Leucaçna (37 % average). 
107 



















Leuc(G) 	Leuc(M) 	Leuc(2) 	Leuc(1) 
Leucaena planting arrangement 
Fig. 3.7. Estimated %Ndfa in L. leucocephala in pure stands or in mixture with G. ulmifolia, 
Three months regrowth of foliage, pruned for fodder, Nov. 2003. Luec(1): using G. ulmifolia 
as reference plants and Leuc(2): using M. oleifera as reference plants. SED is the standard 
errors between means. 
3.3.6 Estimation of N2-fixation under field conditions (Feb 2004 harvest). 
Table 3.15 summarises data for 5 15N and total N (%) of leaves and fodder of 
Leucaena from pure and mixed stands. The range of 8 15N values for the reference 
species (3.32 to 4.10 %o) was quite distinct from that of Leucaena (0.92 to 1.71%o), 
over three months regrowth. The 8 15N values for fodder and leaves for the reference 
plants were quite uniform: 3.30 to 3.85 %o and 3.32 to 4.10 %o, respectively. 
Leucaena in pure stand had a higher 8 15N signature than when it grew in mixtures 
with non-N2-fixing plants. The total N concentration was higher in the leaves than in 
the fodder in both Leucaena pure and mixed stand. The average fodder total N 
concentration varied from 2.9 to 3.1%. 
The percentage of N from fixation estimated for Leucaena ranged from 43 to 68%. 
Leucaena in mixture tended to fix more N2 (59 % average for fodder and 58 % for 
leaves) than where it grew in pure stands. 
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Similar proportions of %Ndfa were observed in the pure stand of Leucaena for both 
plant components (44-48% for fodder and 43 -45% for leaves). The leaves component 
in Leucaena in mixture with Moringa has the largest %N from N 2-fixation (65-68%). 
In general, the Leucaena trees appeared to obtain a high proportion of their N from 
the atmosphere. 
Table 3.15 Estimates of %Ndfa by L. leucocephala in mixture and pure stand with G. ulmfolia and M 
olefera. Determined by the 15N natural abundance method. Plant material pruned in February 2004. 
Plant part 6' 5N (%) %N 
Nitrogen fixation estimate (%) 
'Adjacent to 	'Distant from 
Leucaena 	Leaves 1.64 3.2 43 (0.33) 45 (0.23) 
Fodder 1.71 3.1 48 (0.21) 44 (0.20) 
Leucaena (M) 	Leaves 0.92 3.3 65 (0.81) 68 (0.81) 
Fodder 1.12 3.1 56(0.81) 58(0.55) 
Leucaena (G) 	Leaves 0.93 3.4 62 (0.70) 48 (0.50) 
Fodder 1.11 2.9 59 (0.40) 61(0.40) 
Non-N2-fixing Adjacent to Distant from 
trees reference N (%) ' 5N (%) 
G. ulmfolia 	Leaves 3.32 (0.38) 3.44 (0.22) 
Fodder 3.85 (0.12) 3.55 (0.13) 
M oleffera 	Leaves 4.10 (0.0.43) 3.71 (0.38) 
Fodder 3.49 (0.55) 3.30 (0.37) 
'Considering values obtained from the reference plants grown in mixture with Leucaena or as pure 
stand. Standard error of the means (SEM) values are presented in parenthesis 
3.3.7 N contribution by Leucaena in pure stands or mixed with non-N2-
fixing species 
Total N accumulated in the fodder was high for Leucaena in the pure stand (63 kg 
ha) in the three months interval after the previous pruning (up to Nov 2003). 
Although there were no differences in the %N in the different planting arrangements, 
the mixture formed by Leucaena (M) had the lowest amount of N content per ha (13 
kg N ha') and Leucaena (G) had an intermediate value of 30 kg ha' after three 
months of regrowth. It is important to mention here that these values do not consider 
the N content of the non-N 2-fixing species when grown in mixture with Leucaena. 
Total fixed N (estimated using Moringa as reference plant) contained in the 
Leucaena fodder component was 24 kg ha', followed closely by the amount of Ndfa 
fixed in the Leucaena using Guazuma as reference plants (22 kg N hi'). Leucaena in 
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mixture with Moringa or Guazuma had fixed only 5 and 17 kg N had , respectively 
by the November sampling (Table 3.16). 
In February, three months later (three months regrowth), Leucaena in pure and 
mixed stands fixed very similar amounts of Ndfa, with values ranging from 13.0 to 
16.0 kg N hi' (Table 3.16). The highest amount of N from the atmosphere (16 kg ha -
1 ), around 60% of the total N, was obtained in the Leucaena in mixture with 
Guazuma, while the Leucaena in mixture with Moringa had the lowest amount fixed 
(13 kg ha'). The low N amount fixed in the mixture formed by Leucaena and 
Moringa could be explained by the relatively small foliage obtained during this 
period. 
Table 3.16. N content (kg ha') in the fodder of L. leucocephala in pure or mixed with G. ulmofolia or 
M. olefera and three months pruning interval. Pruned in November 2003 and February 2004. 
kg ha' (Nov 03) 	 kg ha' (Feb 04) 
Species 	Fodder N (%) Tot. N Ndfa 	Fodder N (%) Tot. N Ndfa 
(DM) 	 (%) (DM) 	 (%) 
Leucaena(G) 914 3.3 30 17 888 2.9 26 16 
Leucaena(l) 1699 3.2 63 22 1171 3.0 35 15 
Leucaena(M) 431 3.1 13 5 746 3.1 23 13 
Leucaena(2) 1699 3.2 63 24 1171 3.0 35 14 
(1); using Guazuma as the reference plant and (2); using Moringa as the reference plant 
Figure 3.8 shows the percentage of N fixed from the atmosphere for the fodder 
harvest in February. The % Ndfa ranged from 41% to 61%, with the highest 
percentage in Leucaena when grown in mixture with Guazuma. 
110 



















Leub(G) - Leub(M) - Leu(1) - Ledc(2) 
Leucaena planting arrangement 
Fig. 3.8. Estimated %Ndfa in L. leucocephala in pure or mixed stands with G. ulmifolia 
or M. oleifera. Three months regrowth of foliage pruned for fodder, Feb. 2004. Leuc(1): 
using G. ulmifolia as reference plants; Leuc(2): using M. oleifera as reference plants. 
SED is standard error between means. 
3.3.8 Estimation of N2 fixation under field conditions (May 2004 harvest). 
Values of 615  in the different shrub species are presented in Table 3.17. The values 
for the non-N2-fixing reference plants show low variability, ranging from 2.73 to 
3.10 %o for the adjacent reference species, with 2.38 to 3.07 %o for the distant 
reference species. On the other hand, very low 8 15N values were found in Leucaena, 
values ranging from -0.056 to 0.460 %o, with the fodder component showing the 
lowest value (0.069 %o average). 
The estimation of N derived from the atmosphere (%Ndfa) by Leucaena using 
Guazumu or Moringa as adjacent reference plants, ranged from 69 to 74 %, while for 
using the distant reference plants the N2-fixation ranged from 65 to 73 % (Table 
3.17). Considering the fodder component, Lëucaena in pure stand fixed about 74% of 
Ndfa, and a similar percentage was fixed by the Leucaena in mixture with Moringa. 
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Table 3.17 Estimates of %Ndfa by Leucaena leucocephala in pure stands and in mixture with 
Guazuma ulm?folia and Moringa olejfera. Determined by the 15N natural abundance method. Material 
pruned in May 2004. 
Legume 	 - 	 Nitrogen fixation estimate (%) 
Tree part 	 ' 5N (%o) 	 %N 	'Adjacent to 	'Distant 
from 
Leucaena Leaves 0.391 3.45 70(l.57) 65 (0.77) 
Fodder 0.013 2.94 74 (3.78) 71(2.84) 
Leucaena (M) Leaves 0.460 3.52 69(l.20) 68(l.98) 
Fodder 0.251 3.02 74(1.44) 73 (2.72) 
Leucaena (G) Leaves 0.382 3.69 69(l.61) 67 (0.79) 
Fodder -0.056 2.71 72 (4.91) 71(3.71) 
Non-N2 fixing Adjacent to Distant from 
trees control 815  (%o) 8 15N (%o) 
G. uImfolia Leaves 2.84 (0.40) 2.39(0.16) 
Fodder 2.73 (0.36) 2.38 (0.28) 
M ole?fera Leaves 3.10 (0.30) 3.07 (0.57) 
Fodder 3.04 (0.19) 2.85 (0.53) 
'Based on values obtained from the reference plants grown in mixture with Leucaena or as pure stand. 
Standard error of the means (SEM) values are presented in parenthesis 
Total Ndfa was highest for Leucaena in pure stands with 31 kg h&' after three 
months regrowth interval. On the other hand, Leucaena in mixture with either 
Guazuma or Moringa fixed on average 19 kg N ha' (Table 3.18). Total soil N 
amounts exported from the field in fodder ranged between 6 and 11 kg N ha'. 
Table 3.18. N content (kg ha') in the fodder of L. leucocephala in pure stands or 
mixed with G. ulmofolia or M olefera (material pruned in May 04). 
Fodder 	 N source (kg had ) 
Species 	DM (kg had) %N kg N %Ndfa 	Ndfa 	Soil-N 
Leucaena(l) 1413 2.9 	41 	74 30 	11 
Leucaena(2) 1413 2.9 41 76 31 10 
Leucaena(G) 944 2.7 	26 	72 19 	7 
Leucaena(M) 802 3.0 24 74 18 6 
using Guazuma (adjacent) as the reference plant 
using Moringa (adjacent) as the reference plant 
The mean percentage of N fixed from the atmosphere is presented in Figure 3.9. 
Small differences were found between the Leucaena in pure stand and those values 
obtained of the Luecaena in mixture. The highest percentages of N2 fixation 
observed corresponded to the high foliage biomass production (Table 3.18). 
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Leuc(2) 	Leuc(1) 	Leuc(M) 	Leuc(G) 
Leucaena planting arrangement 
Fig.3.9. Estimated %Ndfa in L. leucocephala in pure or mixed stands with G. ulmifolia 
or M. oleifera. Three months regrowth foliage, pruned for fodder, May 2004. Leuc(1): 
using G. ulmifolia as reference plants; Leuc(2): using M. oleifera as reference plants. 
SED is standard error between means. 
3.3.9 Estimation of N 2-fixation under field conditions (August 2004 
harvest). 
Levels of 6' 5N in the Leucaena different plant components are presented in Table 
3.19. The values for the non-N2-fixing reference plants showed low variability, i.e. 
Guazuma fodder-material had no differences between the distant and adjacent plants 
(1.59%o) while the fodder material of Moringa ranged from 2.04 to 2.54%o in the 
distant and adjacent plants, respectively (Table 3.19). Greater differences existed in 
15N between non-fixing species and the Leucaena values. The 8 15N values ranged 
from 1.59 to 2.54 %o in the non-fixing and from 0.029 to -3.05 %o in Leucaena 
tissues component, with almost all the isotopic values of Leucaena showing negative 
6' 5N values (Table 3.19), confirming that Leucaena had not depended only on soil 
nitrogen. 
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The results for %Ndfa ranged from 60 to 70 % (63 % average), using the reference 
plants adjacent to Leucaena (in mixture stands) and from 55 to 72 % (65 % average) 
using the reference plants distant from Leucaena (pure stands). In general 
high %Ndfa values were obtained for Leucaena, both when growing in pure stands 
and in mixture with non-N2-fixing shrubs, with percentages ranging from 55 to 72 %. 
Table 3.19. Estimates of %Ndfa by Leucaena leucocephala in mixture and pure stand with Guauma 
ulmfolia and Moringa ole4fera. Determined by the ' 5N natural abundance method. Material pruned in 
Aug. 2004. 
Legume Nitrogen fixation estimate (%) 
Tree part 6' 5N (%o) %N 'Adjacent to 'Distant from 
Leucaena Leaves 0.024 3.62 68(1.68) 72(2.14) 
Fodder -0.260 3.26 57(5.10) 55(6.46) 
Leucaena (M) Leaves -0.305 3.36 60 (9.08) 66 (10.94) 
Fodder -0.255 3.13 70 (9.86) 65(6.69) 
Leucaena (G) Leaves -0.069 4.15 65 (2.38) 70(3.02) 
Fodder -0.195 3.19 60(3.50) 59(4.48) 
Non-N2 fixing Adjacent to Distant from 
trees control 615 	(%o) 8 15N (%o) 
G. ulmfolia Leaves 1.69(0.48) 2.07 (0.14) 
Fodder 1.59 (0.37) 1.59 (0.14) 
M. olefera Leaves 2.50 (0.10) 2.37 (0.46) 
Fodder 2.54(0.19) 2.04 (0.17) 
'Based on values obtained for the reference plants grown in mixture with Leucaena or as pure stand. 
Standard errors of the means (SEM) values are presented in parenthesis 
Calculations of the proportion of N derived from the atmosphere in Leucaena for two 
sampling periods are shown in Table 3.20. Leucaena in mixture with either Guazuma 
or Moringa had the largest proportion of fixed N, with values ranging from 48 to 
71%. For Leucaena in pure stands the values ranged from 37. to 52%, using Guazuma 
and Moringa respectively as reference plants. 
The fodder harvested in May 2004 had the largest %Ndfa values. Average values 
were 70 %Ndfa and 74 %Ndfa, for leaves and fodder, respectively. On the other 
hand, a different trend was observed in the foliage harvested in August 2004, when 
the leaves had the largest %Ndfa, fixing 66 % on average, while the fodder fixed 
64 % on average. 
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Table 3.20. Comparison of estimations of the proportion of L. leucocephala N derived from the 
atmosphere (%Ndfa) grown mixed with G. u1mfolia and M o1efera (values are means of four 
replicates). Material pruned in May 2004 and August 2004. 
Treatment % Ndfa 
May 04 August 04 
Leaves Fodder Leaves Fodder 
Leucaena(l) 70 74 68 57 
Leucaena(2) 72 76 71 70 
Leucaena(M) 69 74 60 70 
Leucaena(G) 69 72 65 60 
SED. 4.03" 3.18"" 459"" 435"' 
(1): using G. ulmfolia as reference plants and (2); using M oIefera as reference plants 
SED: standard error of the difference between treatment means 
Figure 3.10 shows the %Ndfa in Leucaena in pure or in mixed stands. The %Ndfa 
using Guazuma as, reference plant is a few percent lower (57 %) than the value 
obtained when using Moringa as reference plant (70 %). The % Ndfa ranged from 
60% in Leucaena in mixture with Guazuma to 70% for Leucaena in monocrop or in 
mixture with Moringa, using the latter species as reference. 
The total amount of N and the percentage of Ndfa are shown in Table 3.21. Fodder 
production was superior in the Leucaena monocrop and this was reflected in a higher 
amount of N per ha compared to Leucaena when grown in mixture with either 
Guazuma or Moringa. The total amounts of N (Ndfa plus soil-N) in the plant 
material, calculated using Guazuma or Moringa as reference plants were the same 
(26 kg ha'), although the % Ndfa values based on Moringa as reference were 
slightly greater than those determined using Guazuma. However, the total amount of 
Ndfa was quite similar regardless of which reference shrub material was used, values 
ranging from 16 to 23 kg ha- 1 (19 kg ha- I  average). 
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Fig.3.10. Estimated %Ndfa in L. leucocephala in pure stands or mixed with G. ulmifolia 
or M. oleifera. Three months regrowth foliage, pruned for fodder, August 2004. Leuc(1): 
using G. ulmifolia as reference plants; Leuc(2): using M. oleifera as reference plants. 
SED is the standard error between means. 
Table 3.21. N content (kg ha') in 3 months regrowth of fodder of L. leucocephala in pure stands or 
mixed with G. ulmofolia or M olefera. Material pruned in August 2004. 
Fodder N source (kg ha) 
Species (kg ha') %N kg N %Ndfa Ndfa 	Soil-N 
Leucaena(1) 1012 3.3 33 57 19 	14 
Leucaena(2) 1012 3.3 33 70 23 10 
Leucaena(G) 812 3.2 26 60 16 	10 
Leucaena(M) 781 3.3 26 70 18 8 
I using Guazuma (adjacent) as the reference plant 
2 using Moringa (adjacent) as the reference plant 
Leaf and fodder natural 8 15N abundance and total N in the non-fixing plants 
The statistical analysis revealed no significant differences (P = 0.05) between the 
leaves for the 6 15N values in the different non-N2-fixing species. The values ranged 
from 2.25 to 2.26 %o in Guazuma. On the other hand, the values of 15N in Moringa 
leaves ranged from 2.37 to 3.10 %o (Table 3.22). Statistical analysis revealed 
significant nitrogen (%) differences (P = 0.05) between the different species for both 
leaves and the fodder component in the May sampling and for the leaves in August 
sampling. / 
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Table 3.22. N concentration and E' 5N signature of leaves and fodder of different non-legume species 
growing in pure stands or in mixture with Leucaena. Material pruned in May 2004 and August 2004. 
Specie 
May 04 
Leaves 	 Fodder 
August 04 
Leaves 	Fodder 
• 	15N N(%) 8' 5N N(%) ' 5N N(%) ' 5N N(%) 
(%o) (%o) (%o) (%o) 
Guauma 2.39 1.98 2.4 1.78 2.06 1 .98 1 .498 1.5 
Guauma(L) 2.84 2•0ab 2.7 1.58 1.69 2.1 ab 1.59ab 1.5 
Moringa 3.07 3ØC 2.9 2.3'  2.37 
27b 2.04ab 2.5 
Moringa (L) 3.10 27bc 3.0 23b 2.50 2.8' 
254b 2.3 
SED 0.52 0.23** 0.56 0.20** 0.29 0.24 033* 0.23 
Standard errors of means (SEM) values are presented in parenthesis. 
3.4 Discussion 
3.4.1 Variation in 815N values and total N content within plants 
Analysis of Leucaena plants in the experiment carried out to determine the 0 value 
revealed that different plant tissues have distinct 8 15N values. Such internal 
differences in 615  values have been reported for several leguminous and non-
leguminous trees and it appears to be a general phenomenon (Kreibich 2002; 
Gathumbi et al. 2002a; Gehring 2003; Schmidt and Stewart 2003; Okito et al 2004). 
A similar pattern was observed in this study; in the Leucaena plants, where woody 
tissue had the lowest & 5N values, leaves were intermediate and nodules had the 
highest 8 15  N value (Table 3.9). High positive 5 15N values were reported for 
Leucaena nodules by van Kessel et al. (1994), +10.6 %o, and by Peoples et al. (2001), 
+10.1 %o. The 5 15N values of Leucaena nodules in this project were similar 
(+11.4%o). 
These differences in 8 15N values between plant parts may be associated with isotopic 
fractionation during metabolic processes and N uptake, and during transport of 
isotopically altered metabolites (Kreibich 2002). Internal cycling of N within the 
plants results in a depletion of ' 5N in N sinks, e.g. the translocation of N to stem-
wood, causing the low 815  value of stems or shoots (Shearer et al. 1983). In actively 
nitrogen-fixing plants large enrichments are observed in nodules (Mariotti et al. 
1982), associated with the nitrogen metabolism of the bacteroids (Shearer and Kohl 
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1986; Yoneyama et al. 1986). Nevertheless, the high values found in nodules may 
have little effect on the overall average 8 15N value of the plant (Shearer et al 1983), 
since only a small fraction of the plant N is in the nodules (section 3.3.4). 
The 0 value obtained by growing Leucaena in an N-free medium (0.617 960) was well 
within the range of -0.2 to +1.0%o for tree legume species, reported by Boddey et al. 
(2000). The 5 15N values of the shoot tissue of the nodulated Leucaena were all 
negative. It has been reported by Unkovich and Pate (2001) that, generally, in all the 
cases they studied, the P values recorded for legume shoots were negative. On the 
other hand the roots were all slightly positive in 15N abundance; some of the reasons 
are associated with mobilisation of N from leaf material to woody tissue (Unkovich 
et al. 2000) 
The 515  of the "ideal" reference plant is assumed to provide an integrated value for 
the 515  of the soil N available for legume growth over the duration of the study. The 
greater the & 5N value of the plant-available soil N, the greater is the accuracy of the 
subsequent estimates of %Ndfa (Peoples et al. 2001). All the & 5N values for the non-
N2-fixing species in this study showed consistently higher values than those for 
Leucaena (Figure 3.11), and fall into the range of values in other non-N 2-fixing 
plants reported by Yoneyama et al. (1993). 
3.4.1.1 615 N values of Leucaena and the non-N 2-fixing species (Reference 
plants) 
Many authors have recommended that, if possible, entire plants or at least whole 
shoots should be sampled to assess overall ' 5N abundance for estimating biological 
nitrogen fixation (Danso et al. 1992; Shearer and Kolh 1993; Boddey et al. 2000). In 
this project samples from different Leucaena tissues were taken in order to know the 
N distribution in the Leucaena plants. However as the purpose of this project was 
intend to assess also the fodder potential of the shrubs under study, they were 
periodically pruned and thus only shoot material was available to measure the %Ndfa 
in Leucaena. However, there were consistent differences between 8
15N values of 
Leucaena shoots and those of the non-N2-fixing species (Figure 3.11). Additionally, 
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from the results shown in Figure 3.11 it is apparent that there is little difference 
between the reference plants in the 15N abundance of the N they accumulate. 
Nevertheless, The 5 15N values of the reference plants used to characterise the plant-
available soil nitrogen may differ, depending on soil type, the soil profile where roots 
are developing (Ledgard, 1989), and the forms of nitrogen available to plants 
(Bremer and van Kessel 1990), and because of different isotopic partitioning 
between roots and shoots (Handley and Scrimgeour 1997). All these aspects are of 
relevant consideration in sampling the reference plants (Hopkins et al. 1998). For 
example, the results in this study showed considerable variation in 15N abundance 
between the different Leucaena tissues analysed (Table 3.5). All the 8 15N values 
reported for woody and edible stems were negative. This low ' 5N abundance in the 
trunks has been attributed to the fact that the woody tissue is probably a sink for N 
(Shearer and Kolh 1986; van Kessel et al. 1994; Boddey et al. 2001). 
Figure 3.11 shows & 5N (9o) values for Guazuma, Moringa and Leucaena in all 
samplings between July 2003 and August 2004. The overall mean of 8 15N values of 
leaves for the five samplings of Moringa was 3.1 %o, while for Guazuma it was 
2.2 %o and for Leucaena it was 0.9 %o (Table 3.23). Levels of 815  declined after the 
February period (Figure 3.11). On the other hand, the overall mean 8 15N values of 
fodder material differed slightly from those presented in the leaves (Table 3.23 and 
Figure 3.11). 
The low 815  values in Leucaena suggest that this shrub is less dependent on soil 
nitrogen than the non-leguminous shrubs, and the calculated %Ndfa showed a major 
contribution of fixed N to the total N in Leucaena, as can be seen in Figure 3.12. 
Such high contributions from N fixation have been correlated with the number of 
nodules in the leguminous plants (Kadiata et al. 1997; Mafongoya et al. 2004), 
although in this study it was not possible to account for the nodulation pattern in 
Leucaena due to soil physical constraints in the field. However, it has been reported 
that Leucaena nodulates abundantly and fixes significant amounts of N (Sanginga et 
al. 1990; Kadiata and Mulongoy 1995). 
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Table 3.23. Overall average, over five prunings, in ' 5N natural abundance (N) and nitrogen (N % 
levels in L. leucocephala and two non-N 2-fixing reference plants growing in fodder bank system 
Leaves and fodder 6 15N and %N values 
Species Leaves Fodder 
8' 5N (%o) N (%) N (%o) N (%) 
L. leucocephala 0.94 3.5 0.59 3.1 
L. leucocephala(G) 0.45 3.6 0.52 3.1 
leucocephala (M) 0.40 3.5 0.49 2.5 
G. uImfoIia 2.71 2.1 2.41 1.6 
G. ulmjfo/ia(L) 2.58 2.2 2.73 1.8 
oIefera 3.02 2.8 2.70 2.2 
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Fig. 3.11 a. The time course of changes of the 15N natural abundance 
in the leaf tissue of Guazuma ulmifolia, Moringa oleifera and Leucaena 
Ieucocephala in fodder bank systems 
6 
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Fodder tissue 	 0 Moringa 
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Fig. 3.11 b. The time course of changes of the 15N natural abundance 
in the fodder tissue of Guazuma ulmifolia, Moringa oleifera and Leucaena 
Ieucocephala in fodder bank systems 
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3.4.2 Nitrogen fixed from the atmosphere (%Ndfa) by L. Ieucócephala in 
a fodder bank system 
The %Ndfa by Leucaena was estimated by assuming that the average 6 15N value of 
the reference plants sampled was indicative of the 5N value of available-N in the 
soil. The total amount of N present in the Leucaena fodder that was derived from N 2 
fixation ranged from 58% (in pure stands) to 64% (in mixture), with a weighted 
average of 61%. Evidence of stimulation of the proportion of N derived from N2 
fixation in mixture has been observed where legumes were• grown in the 
neighbourhood of non-fixing plants (Oilier and Cadisch 1995; Hairiah et al. 2000). A 
similar trend was observed in this project, with the exception of the first pruning 
(July 04). In general, Leucaena obtained a large proportion of its N from N 2 fixation 
throughout one year (Figure 3.12). However, although increases in percentage of 
Ndfa will occur in mixtures, this is not necessarily reflected in the amount of N2 
fixed (Cadisch et al. 2002), as was shown in this study. However, planting èf 
mixtures may exploit more soil N resources than those accessed by monocrops, thus 
reducing the need for complementary N acquisition through N2 fixation (Cadisch et 
al. 2002a). 
The amount of Ndfa (kg N ha') obtained growing Leucaena in the fodder bank 
system was comparable to those estimated by different methods in other woody 
species, such as Calliandra calothyrsus (Peoples et al. 1996), Acacia mangium 
(Galiana et al 2002), Albizia lebbeck and G. sepium (Kadiata et al 1997) and also in L. 
leucocephala (van Kessel et al. 1994). Estimates of %Ndfa based on the ' 5N natural 
abundance method by Gathumbi et al. (2002) ranged from 43 to 79%. Peoples et al. 
(1996) reported amounts of N2 fixation ranging from 65 kg N ha- I  to 109 kg N ha' in 
shrubs species in an alley cropping systems pruned 10 months after planting. 
Armendariz-Yaflez (1998) estimated an overall average of 81 kg N ha during a 16 
month experimental period with Leucaena grown in a silvopastoral system. In this 
study, the total amount of Ndfa (kg ha') obtained in the Leucaena fodder for the full 
study period ranged from 83 to 150 kg N ha (Table 3.24). 
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Figure 3.12 shows the total N contribution of the five prunings of Leucaena in 
monocrop or in mixture, calculated using the average of the estimated %N from N2-
fixation from each sampling date. Total fixed N2 contained in the fodder was highest 
for Leucaena monocrop using either Guazuma or Moringa as reference plant, with 
145 kg hi' for five harvests at three month-intervals. Leucaena in mixture with 
Guazuma fixed 100 kg N hi', while Leucaena in mixture with Moringa fixed only 
83 kg N hi' (Figure 3.12). 
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Fig. 3.12. Amount of nitrogen derived from N 2-fixation by L. leucocephala and 
the amount of N taken up from the soil. Leuc(1): using G. ulmifolia as references 
plants; Leuc(2): using M. oleifera as reference plants. 
Effect of pruning on %Ndfa by L. leucocephala 
Leucaena fodder production decreased after the first pruning (Table 3.21), and the 
amount of N fixed also decreased. Thereafter, foliage production increased again 
although no consistent trend was observed; for instance, only Leucaena in mixture 
with Moringa show. a constant increase after the first pruning (Table 3.24). This 
inconsistency in the foliage production in woody species pruned regularly, has been 
also observed in other studies (Hairiah et al. 2000; Nygren et al. 2000), and the 
effects observed in the pruned shrubs are associated with the physiology of the plants 
123 
Chapter 3: Biological nitrogen fixation 
under study and with the soil available N. van Kessel et al. (1994) found a decrease 
in the %Ndfa with time in Leucaena hedgerows as a result of recycling of fixed N2, 
suggesting that the increase in mineral N availability reduces the proportion of Ndfa. 
Nevertheless, the environmental conditions will also play an important role in 
determining whether recuperation begins promptly after pruning and thus could have 
a direct effect on the foliage production and distribution throughout the year. 
The %Ndfa values for the five prunings, based on the two reference plants, are 
shown in Figure 3.12. With the exception of the prunings of November 2003 and 
February 2004 the %Ndfa was always above 55%, with a maximum of 76% obtained 
in May 2004, based in using G. ulmfolia as the reference plant (Figure 3.12). 
The %Ndfa by Leucaena in mixture with non-leguminous shrubs ranged from 35% 
to 76% (58 % average), while the %Ndfa in the mixed stands ranged from 47 to 74% 
(62 % average). However, as previously reported by Shearer and Kohl (1986) and 
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Figure 3.13. Comparison of the N 2 fixation determined at three month-intervals. 
Bars represent the mean obtained for each pruning. L(1); using Guazuma as 
reference plant and L(2), using Monnga as reference plants. 
124 
Chapter 3: Biological nitrogen fixation 
The total amount of N2 fixed by Leucaena in monocrop was higher than those fixed 
by Leucaena in mixtures due to high biomass and total N content. A comparatively 
high percentage of fodder N was derived through fixation, i.e. Leucaena in monocrop 
fixed between 56 and 60% of its N from the atmosphere, while Leucaena in mixture 
with Moringa or Guazuma fixed between 61 and 66 % of its total fodder N. Similarly, 
percentages of Ndfa of 60 to 90% in periodically pruned G. sepium have been 
measured by Dulormne et al. (2003) in a tropical silvopastoral system in the French 
Antilles. Hairiah et al. (2000) reported 51% of Ndfa in a hedgerow intercropping 
association in Sumatra, Indonesia, using the leguminous G. sepium under pruning 
management. 
Some researchers have associated active N 2 fixation with the pruning practices 
(Ladha et al. 1993; Peoples et al. 1996; Nygren et al. 2000). These researchers found 
that new and active nodulation occurred in G. sepium following pruning. On the 
other hand, too severe pruning or browsing by animals may cause temporary 
decreases in the rate of N2 fixation (Witty and Minchin 1988), and if the plants are 
pruned too frequently nodulation might be completely suppressed (Nygren 1995). It 
has been reported in studies on the influence of pruning Leucaena on nodulation and 
nitrogen fixation that it will take between three and four months to return to the pre-
defoliation levels (Sanginga et al. 1990; Kadiata et al. 1997). However, the exact 
effects of periodic pruning on nodulation and N fixation have been not well 
documented (Mafongoya et al. 2004) 
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Table 3.24. Total estimates of the amount (kg ha) of N derived from the atmosphere (Ndfa) by Leucaena harvested at three-month-intervals 
Leucaena Total nitrogen from soil and Ndfa (kg ha') obtained in leucaena fodder harvested at three-month-intervals 
Planting July 03 Nov 03 Feb 04 May 04 Aug 04 Total 
Arrangement Ndfa 	N-Soil Ndfa 	N-Soil Ndfa N-Soil Ndfa 	N-Soil Ndfa 	N-Soil Ndfa N-Soil 
Leucaena(2) 58 	21 24 	39 14 21 31 	10 23 	10 150 101 
Leucaena(l) 55 24 22 41 15 20 30 11 19 14 141 110 
Leucaena(G) 32 	25 17 	13 16 10 19 	7 16 	10 100 65 
Leucaena(M) 27 12 6 7 13 10 18 6 18 8 83 43 
Using G. ulmfolia as reference plants 
Using M. o1efera as reference plants 
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3.5 Conclusions 
The non-N2-fixing species showed consistent and high 8 15N values compared with 
those of Leucaena. The 8 15N values obtained for Leucaena leaves and shoots were 
significantly lower than those of the reference plants and tended to be negative after 
the four prunings. This study show that, L. leucocephala, either in pure stands or in 
mixture with non-leguminous woody species, was found capable of obtaining a large 
proportion of its total N from the atmosphere (56 to 66%), representing between 83 
and 150 kg N ha'. These results for %Ndfa estimated in two years-old L. 
leucocephala, grown in a fodder bank system, indicate a substantial contribution of 
fixed N2 to the agroecological system, thus contributing greatly to the economy of 
nitrogen supply for the purpose both of animal feed supply and for soil fertility 
maintenance. 
Leucaena in pure stands fixed much more N2 than when planted in mixture and thus 
may be less dependent on soil and fertilizer. Although the proportion of the N 
derived from fixation was similar in both systems, Leucaena in mixture with 
Moringa contributed the lowest amount of N fixed from the atmosphere. Also, 
substantial amounts of N were removed in harvestable foliage; hence the overall N 
balance in the fodder bank systems would be slightly negative. 
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4.1 Introduction 
In the tropics and subtropics, millions of people have no food security; about 60% of 
rural communities are permanently affected by a decline in household food 
production, with sub-Saharan Africa and parts of Latin America, the Caribbean and 
Central Asia suffering worst (Stocking 2003). Of 33 Latin American countries, 
Mexico occupies the second place in rates of deforestation, just below Brazil. 
Current estimates of deforestation rates in Mexico range from 400,000 to 1,500,000 
hectares per year; the largest area is located in southern Mexico including the 
Peninsula of Yucatan (Cairns et al., 1995). Forest has been cleared for many reasons, 
e.g. increased demand for land to feed a growing population and land clearance for 
cattle ranching. At the national level there are 48.6 million hectares of forest, but 668 
thousand hectares are lost each year. In addition to the land clearing for agricultural 
purposes, there is further pressure on forests from the 12 million people who need 
about 35 million m3 of firewood per year, and from the thousands of forest hectares 
lost by fires, estimated at 531 thousand hectares in 1998 (WRM, 1998). Reduced soil 
fertility can also be caused partly by export of soil nutrients contained in harvest 
materials, resulting in negative nutrient balances. 
In the last decades, the Yucatan peninsula has undergone increasing amount and 
intensity of land change (Lawrence and Foster 2002). The milpa system has been 
seen as the dominant cause of deforestation in the region (Turner et al. 2001). In the 
Yucatan peninsula the main agricultural system is the Milpa cycle, characterized by a 
wide diversity of crops such as maize, beans, and squash (as the most important), 
which is managed through slash and burn with fallow periods (shifting cultivation). 
The milpa cycle involves generally between two a three years of cultivation and 
around eight years of fallow, or secondary growth, to allow for natural regeneration 
of vegetation. However, with increased human population and land pressure, long 
fallow periods are no longer feasible. The first sign of the soil fertility declining in 
the milpa system is the decrease in yield. The application of fertilizer is 
impracticable, as inorganic fertilizers are frequently, unavailable and too expensive 
for the local population to use. Litter production is also lower on sites that have been 
used for several crop-fallow cycles, thus the use of short fallow periods without other 
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inputs may lead to long-term soil degradation (Turner et al. 2001). Recent evidences 
indicated that tropical dry forests in the peninsula of Yucatan are limited by N and P 
availability (Ceccon et al. 2004; Lawrence and Foster 2002). 
In general, the decline in soil productivity and progressive deterioration of natural 
resources in the tropics have led to the need to search for new methods to sustain 
crop production, with more efficient nutrient cycling. Improving biological nitrogen 
fixation as a source of nitrogen has been proposed as the best strategy for achieving 
better production levels without further damage to the natural resource (Greenland 
1975; Sanchez 2001). In the tropics, fast-growing trees, particularly nitrogen-fixing 
trees, are increasingly being recommended for land restoration where soil has been 
degraded (Franco and de Faria 1997), for fallow improvement, and for erosion 
control. Examples of benefits in soil improvement are well documented by Kamara 
et al. (2000); Giller (2001); and Schroth and Sinclair (2003). In tropical 
agroecosystems, the leaf litter decomposition and subsequent nutrient release 
represent a good tool for the poor fanner in order to reduce external inputs and 
maintain or increase agricultural products. About 70-90% of the nutrients required 
for plant growth will be provided by the plants' leaf litter decomposition (Waring 
and Schlesinger, 1985). Under this perspective, fodder trees or shrubs, in addition to 
providing foliage rich nutrient for animal feed, could also be a very important source 
of nutrient input to the soil, via litterfall or as mulch. 
The continouos land use for the milpa system generates high rates of deforesatation 
which suggests soil degradation (Turner et al. 2003) as it may deplete soil nutrients. 
To address problems related with soil fertility and fragmentation, there has been a 
growing emphasis, particularly in tropical countries, on encouraging farmers to add 
organic material to agricultural land. Although there have been many studies of 
decomposition and nutrient release in the tropics, most have been done with exotic 
species and under laboratory conditions. Also, much decomposition research has 
focused on how litter of individual species decomposes (Gartner and Zoe 2004), and 
little research has been done with foliar litter mixtures (Cattanio 2002). 
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This chapter describes an experiment designed to compare the decay rates and 
nitrogen dynamics of leaf litter from different fodder shrub species. The litter quality 
of single species was compared with that of mixed litter from two shrub species - 
one leguminous in mixture with a non-leguminous one - by measuring the rate of 
decomposition in litter bags buried in the topsoil in the field. The study specifically 
investigated the effect of mixing two types of leaf with contrasting physical and 
chemical properties on the rate of leaf decomposition and nitrogen release, 
comparing these rates with those of single species: L. leucocephala, G. ulmfolia and 
M olefera. 
4.2 Materials and methods 
4.2.1 Description of experimental site 
The study was carried out at the Faculty of Veterinary and Animal Sciences, 
University of Yucatan, Mérida, southern Mexico, (see section 2.2 for more detailed 
information about the site). The soils are calcareous and mainly shallow (<10 cm in 
depth), and with numerous areas of exposed limestone and frequent rock outcrops 
(Fig. 2. 1), and are relatively well-drained. 
4.2.2. Climatic conditions 
Yucatan has a bimodal rainfall pattern. Precipitation is highly variable (annual rainfall 
ranges from 900 to 1200 mm), with a marked dry season (4 to 6 months). The rainy 
season starts in June and ends in October, although scanty rainfall occurs until 
November. The dry season extends from January to May. The general weather and soil 
conditions during the study are described in chapter 2. The climatological conditions 
(rainfall, maxima and minima temperatures) during the litter bag decomposition 
experiment are summarized in Figures 4.1 and 4.2. Precipitation was highly variable 
during both periods. 
4.2.3 Field experimental procedure 
The decomposition experiment was done using fresh leaves (from the previous 
experimental plots) picked from the shrubs of Leucaena leucocephala, Guazuma 
ulmfolia, Moringa olefera, a mixture of Leucaena+Moringa and another mixture of 
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Leucaena+Guazuma, in a complete randomised block design. Thirty two bags per 
treatment were prepared to allow four samplings (2, 4, 8 and 16 weeks) with two 
replications within each site on each sampling date. The decomposition experiment 
was conducted on two occasions, in the dry and wet seasons, respectively; the trial in 
the dry season was carried out from March to June 2003 while that for the wet from 
August to November 2003. Leaves of the five treatments (described below) were 
collected at random from the shrubs established for the first experiment when the 
plants were 7 months old (before cutting) for the dry period study and 10 months old, 
for the rainy period. The initial quality of the litter was assessed for each treatment. 
Prior to filling the bags subsamples were taken to determine moisture content and 











Sampling period (March 03 to Jun 











1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Weeks 
=Rainfall —---Temp, Max --Temp, Min 
Fig. 4.1. Rainfall (mm) and temperature (°C) from March to June 2003. Mean weekly 
values are shown. The four sampling occasions are indicated by arrows. 
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Fig. 4.2. Rainfall (mm) and temperature (°C) from August to December 2003. Mean 
weekly values are shown. The four samplings occasions are indicated by arrows. 
4.2.3.1 Experimental set up and measurement of fresh leaf decomposition 
Nylon bags of 30 cm x 30 cm with a mesh size of 2 mm were constructed to assess 
the leaf decomposition. A total of 160 bags were used, i.e. 5 treatments x 4 periods 
of litter retrieval x 8 replicates. Litter bags were each filled with sufficient fresh 
leaves to yield about 40 g dry matter. Separate subsamples were taken for dry 
matter determination and the actual contents of the bags were as follows: 
1) A mix of 100 g fresh leaves of Leucaena+Guazuma, equivalent to 40 g dry 
weight (20 grams of Leucaena + 20 grams of Guazuma) 
2)100 g fresh leaves of Lezcaena, equivalent to 38 grams dry weight 
3)100 g fresh leaves of Guazuma, equivalent to 41 g dry weight 
4) A mix of 118 grams fresh leaves of Leucaena+Moringa, equivalent to 37 g dry 
weight (19 grams Leucaena+1 8 grams of Moringa) and, 
5)136 g fresh leaves of Moringa, equivalent to 35 g thy weight 
The litter bags were randomly distributed in each experimental block and placed on 
the soil surface in the alleys between the shrub rows, on an area previously cleared 
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bags (Fig 4.3). Then, once the bags were placed, they were covered with most of 
the previously displaced litter. Two litter bags of each type (treatment) were 
retrieved from each replicate plot after field exposure for 2, 4, 8 and 16 weeks 
respectively. The weight loss due to decomposition was calculated from initial 
weight and from the final dry weight of the material (oven dried at 60°C) when the 
litter bags were sampled. In cases where the litter samples were contaminated with 
soil the litter bags were carefully brushed and the content turned out on to a clean 
sheet of paper. Care was taken to avoid losing material during retrieval of the bags. 
Once the samples were dried, the weights were recorded, and each sample was 
ground and analyzed for chemical constituents. 
Fig. 4.3. Litter bag (30 x 30 cm size) placement in field close to the alley formed by 
shrubs under study. 
4.2.5 Chemical analysis of plant material used in the decomposition 
study 
Plant material from the trees in the experimental plots was randomly sampled for 
chemical analysis. The tree species utilised were the same as in the previous 
experiment. A brief description of each plant material is given in Figure 4.4. Four 
randomly selected branches from 10 selected plants per species were taken for 
quality characterisation. A summary of the plant materials used in the different 
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Determination of N content 
Total N in plant samples obtained from field experiments was determined by the 
Kjeldahl method as described by AOAC (1990). Plant dry matter was digested in 
concentrated sulphuric acid, where organic N was converted to ammonium-N by steam 
distillation, and the ammonium determined by direct titration with a standard acid. 
Neutral and acid detergent fibre (NDF and ADF) and lignin analyses 
NDF, ADF and lignin contents were determined following the method proposed by 
Goering and Van Soest, (1970). A neutral detergent solution was prepared with EDTA 
(di-sodium ethylene-diamine tetraacetate) and mixed with sodium borate decahydrate. 
A finely ground plant material sample was mixed with the neutral detergent solution 
and heated to boiling. Then, the cell content is washed away with a neutral detergent, 
the remaining being the NDF fraction (cellulose, hemicellulose and lignin). After 
washing out the sample with an acid detergent solution, the remaining fraction (the 
ADF residue) is mainly composed of cellulose, lignin. Subsequent addition of 72 % 
sulphuric acid dissolves cellulose, and crude lignin is finally obtained by combusting 
the residues. 
Guauma plant. Leaves 	Leucaena branch. Leaves are 	tloringa branch. Leaves 
are simples, alternate, 5- bipinnate with 6-8 pairs of pinnae 	are tripinnate 20-50 cm 
10 cm long, 	 bearing 11-23 pairs of leaflets, 8- long with many small 
16 cm long. 	 leaflets 1-2 cm long. 
Fig. 4.4. Plant species used in the leaf litter decomposition 
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Total extractable polyphenols and condensed tannins (Proanthocyanidins) 
The polyphenols were extracted in hot (80 °C) 70% aqueous acetone and measured 
colorimetrically using the Folin-Ciocalteu method as described by Makkar (2000). The 
concentration of tannins was measured following the Butanol-HC1 method described by 
Makkar (2000). Commercial quebracho tannin (power extracted from Schinopsis 
balansae -a tropical tree with high tannin content) was used as the standard. 
4.2.6 Statistics 
Data were analysed as a randomized complete block design at each sampling time. 
The general linear model (GLM) procedure was used to perform ANOVA on all 
parameters and significantly different means (at a 95% confidence level) were 
separated using the Tukey test. All data were tested to fit the assumption of normality 
using a Kolmorov-Smirnov test, and non-normal data were transformed when 
necessary. 
Litter decomposition was calculated as the difference between the initial ash-free 
mass and N and the proportions remaining at each retrieval date. In addition, the 
exponential decay constant, k, was determined assuming a double exponential decay 
model. A single exponential decay model was also applied, but it was found that 
double-exponential decay model gave a better fit. For the latter, it is assumed that 
litter can be partitioned into two components, one of relatively easy decomposition 
(labile fraction) and another more resistant to decomposition (recalcitrant fraction) 
(Wieder and Lang, 1982): 
Y= Aexp(-kjt) + (1-A) exp(-k2t) 
Where Y is the percent of initial free ash mass or N remaining at sampling time t, A 
is the easily decomposable fraction and (1-A) is the more recalcitrant fraction. k1 and 
k2 are the decomposition, or N release, constants for the labile and recalcitrant litter 
components, respectively. 
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4.3 Results 
4.3.1 Chemical composition of the shrub leaves 
The general chemical composition of the plant material used in the decomposition 
study is presented in Table 4.1. In the dry period, Leucaena leaves had the highest 
N content, while Moringa had the lowest (2.1%). The mixtures of leaves had 
intermediate N content (2.8%) with similar concentrations for the two mixture 
treatments. Lignin was high in Guazuma leaves (18%) while the low values were 
found for Leucaena and Moringa. There was a pronounced variation of tannin 
concentration, being high in the Leucaena leaves and intermediate in the 
combinations formed by Leucaena/Guazuma (2.3%) and very low in the Moringa 
(0.2%). The ratio of lignin plus polyphenol to N concentration was lowest for 
Moringa leaves (5.8%) and the highest ratio was recorded for Guazuma (9.7%). In 
general, among the treatments, the leaves in mixtures had an intermediate chemical 
composition in comparison to the single leaves treatments (Table 4.1). 
Table 4.1. Chemical composition of leaves from the different species used in the decomposition 
experiment. 
Content (%) 	 Ratio 
Period/Species 	N 	C Lignin Pp Con. Tannin 	Pp:N (L+Pp):N C:N CT:N 
Dry period 
Leucaena+G 2.8 44 14 4.0 2.3 1.4 6.6 16 0.82 
Leucaena 3.3 45 10 3.9 3.1 1.2 4.2 14 0.94 
Guazuma 2.3 44 18 4.1 1.5 1.8 9.7 19 0.68 
Leucaena+M 2.8 45 14 4.0 2.3 1.4 6.4 16 0.83 
Moringa 2.1 42 10 2.2 0.2 1.0 5.8 20 0.10 
Wet period 
Leucaena+G -2.4 44 13 2.9 2.7 1.2 6.5 18 1.13 
Leucaena 3.2 45 14 3.4 2.6 1.1 5.5 14 0.83 
Guazuma 1.8 44 12 2.4 2.9 1.3 8.1 25 1.61 
Leucaena+M 2.9 44 13 2.7 1.5 0.9 5.2 15 0.53 
Moringa 2.6 42 11 1.9 0.4 	- 0.7 4.9 16 0.16 
Pp= Polyphenol; CT= Condensed Tannin 
More chemical variability was found for the rainy period samples. For example, for 
the N content, values ranged from 1.8 for Guazuma to 3.2% for Leucaena single 
leaves. Among the leaf mixtures, the range in nitrogen was small (2.4 to 2.9%). 
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Lignin content was quite similar for all treatments; values ranged from 11 for 
Moringa to 14% for Leucaena. However, great differences in tannin concentration 
were recorded between the treatments, values ranged from 0.4 to 2.9% for Moringa 
and Guazuma respectively, while the mixture formed by Leucaena+Guazuma had 
quite a high value (2.7%) in comparison to the Leucaena+Moringa leaves (1.5%). 
Moringa leaves were lowest in polyphenol content and also had much lower 
condensed tannin content than Leucaena or Guazuma leaves. The C/N ratio of 
Leucaena leaves averaged 14:1, whereas that ratio for Guázuma was 25:1; Moringa 
leaves and the Leucaena+Moringa leaf mixtures had similar values (Table 4.1). 
4.3.2 Leaf litter decomposition 
Changes in nitrogen concentration in the leaf decomposition are shown in Table 4.2.. 
A rapid initial release of N in Moringa (wet period) was observed, with the N 
content decreasing to only 36% of the initial value after 2 weeks. On the other hand, 
Guazuma lost released only 9% of its nitrogen over the same period. For the dry 
period the trend was similar; Moringa released the biggest amount of N (22%) 
whereas Guazuma maintained all its N. The next most resistant litter was the 
combination of Leucaena+Guazuma which only released 4% of its N. 
Table 4.2. Nitrogen in the remaining leaf litter biomass at different sampling dates, dry and wet 
seasons. 
Time in field 
(weeks) 








Moringa 788 598 388 198 36a 
338 12a 12 
Leucaena+M 85ab 71ab 49ab 25ab 
57b 53b 45b 35 a 
Leucaena 8 9b 68ab 56b 45 b 74C 64c 58c 48b 
Leucaena+G 96 b 86 b 65b 
37b 79C 75d 60c 54b 
Guazuma 100bcd 88 b 56b 
44bc 91d 86c 75d 56b 
SED 3.8 7.2 5.2 5.3 3.1 2.3 3.1 9.3 
SED standard error of the difference means. Means followed by the same letter within a column do 
not differ significantly (Tukey's test at 5%). 
The nitrogen release results of the different treatments are presented in Table 4.2. 
In the dry period, Moringa leaves had a rapid decomposition, after 8 weeks of litter 
exposure in the field, this species released up to 62% of its initial N. The Leucaena 
and Guazuma single leaves released very similar amounts of N (44%). On the other 
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hand, the mixture formed by leaves of Leucaena+Moringa released up to 50% 
during the first 8 weeks, while Leucaena+Guazuma leaves released only 35 of their 
initial N. Significant differences (P<0.001) were found by the end of the dry period 
decomposition study. Moringa had a very fast N release, losing 81% and 88% of its 
total N after 16 weeks exposure, in the dry and wet periods respectively. In contrast, 
Guazuma on its own and the combination of Leucaena/Guazuma lost about 46% of 
the N in the wet period, and Guazuma single litter bags and the mixture of 
LeucaenalGuazuma lost 56% and 63% respectively in the dry period (Table 4.2). 
In contrast to the dry period, in the wet period Moringa leaves released up to 64% 
of the initial N in the first 2 weeks of leaf decomposition study (P<0.001). The 
mixture of Leucaena+Moringa leaves had an intermediate N release (43%) during 
the first 2 weeks. After 8 weeks of field exposure, the nitrogen content remained 
stable for Moringa leaves, followed by the combination of Leucaena/Guazuma, 
with only 6% N release between weeks 8 and 16. Leucaena and Guazuma leaves 
had a continuous N released until week 16, with significant (P<0.01) differences 
between treatments. 
Table 4.3. Organic matter remaining in leaf material at different sampling dates, dry and wet seasons. 
% of OM Remaining (Dry Period) % of OM Remaining (Wet 
Period) 
Time in weeks 2 4 8 16 2 4 	8 16 
Moringa 80 59 39 21 33a 298 	16a 13a 
Leucaena(M) 77 59 42 21 47 b 	. 2b 38b 26ab  
Leucaena 76 55 45 34 59C 51c 	41b 34' 
Leucaena(G) 83 68 51 27 64c 58d 44bc 381c 
Guazuma 81 67 40 31 72d 66e 	50cd 38bc  
SED 39flS 6.0" 4.6' 4. on, 2.6 2.1 2.7 6.7 
SED standard error of the difference means. Means followed by the same letter within a column do 
not differ significantly (Tukeys test at 5%). 
4.3.3.3 Organic matter (OM) decomposition 
The decomposition pattern of the different species in the dry season is shown in 
Figure 4.5. No significant differences were found between the different materials at 
two weeks' leaf exposure, values ranging from 24% for pure Leucaena leaves to 
17 % for the mixture Leucaena+Moringa. Moringa leaves lost about 70% of their 
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OM while Guazuma leaves only 28% (P<0.001). At week 16 Moringa had lost 
87% of the OM (P<0.001); Guazuma on its own and the Leucaena/Guazuma leaf 
mixture had lost 62% of their OM (Table 4.3). 
In the wet period, significant (P<0.01) differences were found (Table 4.3). 
Organic matter decomposition during the first 2 weeks resulted in a sharp decrease 
in leaf mass for all different materials, but particularly in the Moringa and mixed 
LeucaenalMoringa leaves, with losses up to 67% for Moringa. Losses were 28 and 
36% for Guazuma and Leucaena/Guazuma, respectively (Fig. 4.6). Throughout this 
period, loss of mass in Guazuma leaves .proceeded more slowly than for the other 
materials, with 56% of the initial leaf mass remaining after 60 days. Rates of 
decomposition of Moringa and LeucaenalGuazuma mixed leaves decreased after 8 
weeks of field exposure, and decomposition had virtually stopped after 16 weeks. 
Guazuma leaves and the mixture of Leucaena+Guazuma had the smallest 
decomposition and at the end of the experiment about 40% of their initial leaf mass 
had still not decomposed (Table 4.3). 
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Fig. 4.5. Percentage of OM remaining in mixtures and pure residue litter bags from different 
tree species. Dry season (March to June 03). 
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Fig. 4.6. Litter organic matter remaining in litterbags buried in soil over 16-week period (Wet period). 
4.3.4 Nitrogen release patterns 
Leaf N remaining, expressed as percent of initial N, followed a pattern similar to 
that for OM remaining, in the dry season (Fig. 4.7). During this period, leaves 
released most of their N during the first 8 to 16 weeks of decomposition, Moringa 
leaves and the Leucaena+Moringa leaf mixture ranked first, in terms of N release 
rate, having lost 81 and 75% of initial N, respectively after 16 weeks. During the 
first two weeks, N release was slowest from Guazuma leaves and from the mixed 
Leucaena/Guazuma leaves; these two materials mineralized their leaf N at 
considerably slower rates between 2 and 8 weeks (Figure 4.7a,c). At 16 weeks, 
percent N release was greatest for Moringa and the Leucaena/Moringa mixture. On 
the other hand, Guazuma and Leucaena leaves still retained about 45% of their leaf 
N at the end of the study.period (Fig. 4.7). 
In the wet season experiment, nitrogen was released from all species during the first 
two weeks. Differences in leaf decomposition were significant between the species 
(Table 4.2). Over the first 2 weeks incubation, a rapid N release was observed for 
Moringa leaves and the Leucaena/Moringa mixture, with more than 60% of the N in 
141 
Chapter 4: Dynamics of soil available Nitrogen 
the Moringa leaf litter being released during this period (Fig. 4.8). However, between 
weeks two and four the rate of N release slowed down generally for all species, but 
particularly for Mcringa, probably due to conditions being dry during this period. 
Release of N from Guazuma leaves and the Leucaena/Guazuma mixture was 
especially slow, with 56% and 54%, respectively, remaining after 16 weeks. 
Leucaena had an intermediate rate of N release, with 48% remaining at the end of the 
experimental period. This compares with less than 15% of N remaining after weeks 
in the Moringa leaves. 
In general, the pattern of N released from all litter types followed two phases. A fast 
N release was followed by a slower rate of loss or no change towards the end of the 
study. Differences in N release were apparent within the mixed-species litter 
combinations. The initial leaf litter from the Leucaena+Moringa mixture was 
released about 55% of the N content in the first two weeks, whereas the 
Leucaena+Guazuma mixtures only released about 20% of the leaf N over the same 
period. On the other hand, Leucaena leaf had an intermediate rate of N release. More 
than half of the N in the Leucaena+Moringa mixtures released during the first 8 
weeks, but Leucaena leaves on their own and the LeucaenalGuazuma mixture 
released about 40% of their N by the end of the experimental period. 
Patterns of leaf decomposition were best characterized by the double exponential 
model. Although the small number of sampling affected the significance of the 
regression values (Table 4.4). The k values were consistently higher particularly for 
Moringa and Leucaena material in comparison to the combination of the 
Leucaena/Guazuma mixture leaves. Decomposition rates showed more variation 
during the dry period (0.15 to 0.44 wk) than during the rainy period (0.72 to 0.95 
wk- '). This was probably due to the greater relative variability in moisture conditions 
in the litter, in the dry period. 
The double exponential model was successfully fitted to the leaf N remaining 
in all the species (Table 4.5). Nitrogen release from Leucaena was greater during the 
wet period (0.66 wk- 1 ) than the dry period (0.17 wk). The results also indicate that, 
despite the high initial concentration of polyphenol and higher C:N ratio in pure 
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Guazuma leaf litter bags, it showed a faster N release than the combination of 
Leucaena/Guazuma during the wet period. 
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Fig. 4.7. Percentage of N remaining in the litterbags of residue from different tree species 













0 	2 	4 	6 	8 	10 	12 	14 	16 	18 
Time (weeks in the field) 
Fig. 4.8. The proportion of the N remaining in the litter bags in the decomposition 
of mixture and pure trees from hedgerow species. Wet period (Aug to Nov 03). 
100 
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Table 4.4 Exponential functions describing remaining organic matter decomposition rate constants for 
different shrubs species and the corresponding r values. 
Period/Species Equation r2 Probability 
Dry period 
Leucaena+G Y8.5 eOt + 91.5 eM 076 t 0.99 0.035 
Leucaena Y=57.0 e 30 + 43.0 e-0-0 16t 0.99 0.103 
Guazuma Y77.8 e-0- 16,  + 23.2 e t 0.98 0.135 
Leucaena+M Y=25. 1 e 03 	+ 74.9 0.99 0.040 
Moringa Y87.5 eOl5t + 13.3 e-0-001t  0.99 0.060 
Wet period 
Leucaena+G Y=40.7 ?72t  + 59.1 &0029t 0.99 0.120 
Leucaena Y=46.0 e-0- 13, + 54.0 e -0.030t 0.99 0.055 
Guazuma Y=24.4 e 09 	+ 75.5 e 045 0.99 0.104 
Leucaena+M Y55.3 e95t + 44.7 e 029 0.99 0.106 
Moringa Y71.0 e095t + 28.7 eOO53t 0.99 0.101 
Y refers to amount of dry matter mass in percent remaining after time 't'; time (t is in week). 
Table 4.5. Exponential functions describing N remaining (%) from leaves of different shrubs species 
decomposing in litter bags under field conditions at dry and wet season. 
Period/Specie Equation Probability 
Dry period 
Leucaena + G Y51.5 e 006t + 53.5 e °06 r2= 0.98 0.180 
Leucaena Y61.3 e 17t+40. 0 e 00 It r2= 0.98 0.175 
Guazuma Y=93. 1 e07It ± 11.9 e0It r2= 0.93 0.320 
Leucaena + M Y47.2 e 09t  + 53.2 e-0 .88t r2= 0.99 0.026 
Moringa Y89.3 e 015' + 11.0 e-0-001t  r2= 0.99 0.026 
Wet period 
Leucaena + G Y34.8 e3It+  64.6 e012t r= 0.165 
Leucaena Y32.0 e 66t + 68.0 e-0- 022t r2 = 0.99 0.031 
Guazuma Y1.8 e95t + 98.2 e-0 .035t r2 = 0.99 0.046 
Leucaena + M Y=44.9 e 095 + 56.1 e-0- 028t r2 = 0.99 0.083 
Moringa Y=65.0 e 95 t + 35.0 e -0 . 082t r2 = 0.98 0.173 
'Y' refers to amount of dry matter mass in percent remaining after time 't'; time (t is in weeks). 
Overall, Moringa and LeucaenalMoringa material disappeared faster than the other 
materials. The proportions of recalcitrant material were found to range from 91% 
(Leucaena/Guazuma) to only 13% (Moringa) in the dry period (Table 4.5). The 
decomposition constants (k) for Moringa and Leucaena/Moringa were estimated to 
be 0.15 and 0.37 wk', respectively. On the other hand, Leucaena had an intermediate 
proportion of recalcitrant material (43%) and the decomposition constant (k) was 
about 0.30 wk' for the same period (Table 4.5 and Fig. 4.1Ob). 
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Fig. 4.9. Modelled and measured mass remaining from decomposing leaves (single species and mixtures). 
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Fig. 4.10. Modelled and measured mass remaining from decomposing leaves (single species and mixtures) 
Bars are SE. Rainy period. Solid lines: model; circle: experimental measurements. 
4.3.5 Relationship between organic matter decomposition and 
chemical composition 
The decomposition constants and N release were estimated directly from the 
models. No significant correlations were found between the initial chemical 
component of the leaf material and the organic matter remaining at 16 weeks in 
field litter bags incubated during the dry period (Table 4.6). However, significant 
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correlations were found for the wet period. This emphasizes the role of not only the 
chemical composition of the specific material on its decomposition but also the role 
of the climatic conditions, as we can see from Table 4.6. In the dry period the 
decomposition rates were governed more by the climatic conditions than by the 
chemical characteristics of the material used in the study. 
Table 4.6. Correlation coefficients (r) among decomposition parameters and leaf chemical quality 
for the dry and wet period. 
Decomp. 
Parameter 






Pp/N (L+Pp)/N C/N CT/N UN 
Dry period 
KL 0.68 0.01 0.55 0.70 0.01 -0.33 -0.75 0.68 -0.39 
KR 0.42 0.14 0.46 0.48 0.08 -0.13 -0.51 0.51 -0.18 
C,JCR -0.78 -0.25 -0.85 -0.89 -0.34 0.12 0.83 -0.93 0.20 
K 0.64 -0.51 0.10 0.50 -0.33 -0.63 -0.58 0.35 -0.65 
Wet period 
KL -0.15 -0.55 -0.62 -0.52 -0.44 -0.08 0.19 -0.27 -0.02 
KR -0.48 -0.92k .0.87* -0.51 -0.37 0.09 0.39 -0.18 0.15 
CL/CR 0.34 -0.58 -0.60 0.97 .0.97** -0.78 -0.52 -0.92k -0.73 
K 0.46 -0.47 -0.52 .0.98** .0.99*** -0.84 -0.60 .0.96** -0.80 
Pp= Polyphenol; CT= Condensed Tannin 
KL and KR are decomposition constants for the labile and recalcitrant OM pools. 
K is the weighed constant for the whole material and CL/CR is the ratio of labile and recalcitrant 
pools (g') 
4.3.6 RelationShip between nitrogen release and leaf chemical 
composition 
With respect to N release, only the ratios of condensed tannin (CT) and 
polyphenols (Pp) to N were significantly correlated with nitrogen released from 
litter bags in the field after 16 weeks (Table 4.7). CT content showed a high 
correlation coefficient (r2=99; P>0.001). The significant correlation found with k 
constant emphasized the role of the chemical composition of a specific material on 
its rate of decomposition. 
Figure 4.10 shows the decomposition pattern for the wet period. The rate of mass 
loss of Moringa leaves was large during the first two weeks. In this period the 
recalcitrant materials were 76 % and 29 % for pure Guazuma and pure Moringa, 
respectively. A rapid loss of leaf material in litterbags was observed with Moringa 
leaves and mixed Leucaena+Moringa leaves during the initial decomposition stage 
(Fig. 4.1Od, and 4.1Oe). On the other hand, leave from Guazuma alone decomposed 
147 
Chapter 4: Dynamics of soil available Nitrogen 
slowest and Leucaena decomposed faster over the first three sampling dates (Fig. 
4.lOb). 










Pp/N (L+Pp)/N C/N CT/N UN 
Dry period 
KnL 0.22 .0.86* -0.54 -0.04 -0.76 -0.75 -0.15 -0.27 -0.72 
KflR 0.18 0.15 0.27 0.23 0.08 -0.04 -0.25 0.28 -0.06 
NL/NR .0.86* 0.16 -0.58 -0.85k 0.08 0.50 0.91* -0.78 0.57 
Kn 0.13 -.01 0.11 0.14 -0.07 -0.14 -0.19 0.02 0.15 
Wet period 
KnL -0.11 -0.51 -0.58 -0.50 -0.44 -0.09 0.16 -.027 -0.04 
KflR 0.01 -0.79 -0.77 0.86* -0.79 -.48 -0.19 -0.69 -0.43 
NL/NR 0.33 -0.57 -0.59 0.95** 0.94** -0.77 -0.53 0.91* -0.73 
Kn 0.33 -0.60 -0.63 0.99*** 0.98** -0.76 -0.49 0.92* -0.71 
Pp= Polyphenol; CT= Condensed Tannin 
Moringa leaves released more N during the first 8 weeks of decomposition than 
those of the other species. The observed decay rates of single and mixed-species leaf 
combinations of Guazuma and Leucaena+Guazuma retained more N than pure 
Leucaena litter bags. Guazuma leaves and the combination of Leucaena+Guazuma 
leaves released most of their N during the 4 to 8 weeks of decomposition. Between 2 
and 4 weeks, N immobilization apparently occurred in Guazuma, which also had a 
poor fit to the data set and similar trend was also observed in the mixed combination 
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Fig. 4.11. Modelled and measured nitrogen remaining from decomposing leaves (simple species and mixtures). 
Bars are SE. Dry period. Solid lines: model; circle: experimental measurements. 
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Fig. 4.12. Modelled and measured nitrogen remaining from decomposing leaves (simple species and mixtures). 
Bars are SE. Wet period. Solid lines: model; circles: experimental measurements. 
4.4 Discussion 
4.4.1 Chemical composition of leaves in the study 
Leaf residues of the species under study had different qualities. Those from the non- 
leguminous shrubs contained less N (Table 4.8). The soluble polyphenol content of 
the Guazuma leaves was high in comparison to that from Moringa, but similar to the 
Leucaena. Nitrogen release from Leucaena residue agreed with the results of a study 
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conducted at the International Institute of Tropical Agriculture (Vanlauwe, et al. 
1997) under alley cropping conditions, in which 40% of the N was released from 
Leucaena residue within a period of 4 weeks, and also with the study of Armendariz-
Yañez (1998), with leaves of native trees and shrub species under silvopastoral 
systems in Yucatan. 
Table 4.8. Nitrogen concentration and N (kg ha') soil inputs from decomposed leaves in shrubs 
Specie 	Initial 	Pruning 	Initial 
	
%N and kg N Released ha (time in weeks) 
leaves N 
2 	 4 	 8 	 16 
Dry period %N kg ha Kg hi' % Kg N % Kg N % Kg N % Kg N 
Moringa 2.1 919 19 22 4 41 8 62 12 81 15 
Leuc(M) 2.8 3914 62 15 9 29 18 51 32 75 47 
Guazuma 2.3 2681 110 0 0 12 13 44 48 56 62 
Leucaena 3.3 4559 150 11 17 32 48 44 66 55 83 
Leuc(G) 2.8 5653 158 4 6 14 22 35 55 63 100 
Wet period 
Moringa 2.6 919 24 64 15 67 16 88 21 88 21 
Guazuma 1.8 2681 48 11 5 14 7 25 12 44 21 
Leuc(M) 2.9 3914 114 43 49 47 54 55 63 65 74 
Leuc(G) 2.4 5653 136 21 29 25 34 40 54 46 63 
Leucaena 3.2 4559 146 26 38 36 53 42 61 52 76 
Tree prunings (only leaves) contributed 919 kg to 5653 kg of dry matter and 19 to 
158 kg of N per hectare (Table 4.18). Moringa leaves and the mixed materials of 
Leucaena with Moringa had less N content in the leaves than Leucaena and 
Leucaena+Guazuma mixtures. 
In the wet period Guazuma also showed clearly that it can be used alongside other 
shrubs for fodder or as an N contribution in intercropping systems. With the 
exception of Guazuma in the wet period, the N contribution of the decomposing 
pruned leaves was over 55%, which could be considered high enough to justify the 
use of these species to supply high quality foliage for use both as fodder or to supply 
N directly to the soil via fresh leaves of litterfall. It is important to consider here that 
this amount of N does not include the edible stems, which also had a large N 
concentration and also can supply an important amount of available nitrogen to the 
system. For example, the fodder component of the different materials ranged from 
1.6 to 3.2% (2.4% average, Table 2.1). 
151 
Chapter 4: Dynamics of soil available Nitrogen 
The combination treatments resulted in very similar N contents (2.8%) for the dry 
period, while for the rainy season the combination of Leucana+Guazuma had 2.4% 
and Leucaena+Moringa had 2.9%. Mixing Leucaena+Guazuma I and 
Leucaena+Moringa leaves also resulted in high polyphenol content. According to the 
litter characterization of Palm et al. (2001), plant materials containing at least 2.5% 
N, and with less than 15% of lignin and less than 4% of polyphenol are usually 
described as being of high quality. Our results fall within these parameters with the 
exception of 'Guazuma, which can be considered as a shrub of low quality that is 
likely to temporarily immobilise N during decomposition (Palm, et al. 2001). 
However, mixtures of contrasting quality would offer important scope for succession 
of the release times of nutrient in crops or intercropping systems (Handayanto et al. 
1997). 
4.4.2 Decomposition rates and quality of shrub leaves 
Comparison of results showed considerable differences in decomposition rates 
between the five materials studied. The most rapid decomposition was recorded for 
Moringa leaves and the slowest for Guazuma leaves. The smaller amount of N 
released and dry matter loss in Guazuma leaf litter were probably due to a 
temporarily immobilisation of N during decomposition, as their leaves had less than 
2.3% N. This is considered to be at the low end of the range for release of N (Palm et 
al. 2001). 
The contents of N in the shrub species studied here were all above this critical 
concentration and almost all had C:N ratios below 20, with the exception of 
Guazuma in the wet period, which had a high C:N ratio of 25. However, results from 
this experiment only partly matched the prediction of the earlier work cited above; 
for example, the proportion of N released from the combination of 
Leucaena+Guazuma leaves was much less than that released from the combination 
of Leucaena+Moringa in both wet and dry seasons, although the leaves had similar 
C:N ratios. 
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These differences could be due to the large tannin content and (lignin+Polyphenol)-
to-N ratio in the mixture formed by leaves of Leucaena+Guazuma, as polyphenols 
are compounds capable of binding plant proteins. Also, they inhibit nitrification, as 
well as decomposition and nutrient cycling (Baiwing et al. 1983; Kuiters, 1990, cited 
by Hättenschwiler and Vitousek, 2000). Condensed tannins (CTs), also called 
proanthocyanidins, are mixtures of polymers with different degrees of 
polymerization. They are commonly found in trees or shrubby species. CTs 
decompose more slowly and are also considered to have an important impact for 
nitrogen immobilization in soils, particularly when fresh litter materials are in close 
contact with the soil (Maie et al. 2003; Kraus et al. 2003). Palm and Sanchez (1991) 
found that the ratio of polyphenol to N was the parameter which could best be used 
to predict N mineralization of tropical legumes, with a critical value of 0.5. The 
polyphenols-to-N ratios of the leaves studied here were related to their 
decomposition patterns. However, Handayanto et al. (1994), in a hedgerow 
intercropping experiment with five tree species, found that the lignin+polyphenol-to-
N ratio was the parameter that best predicted N mineralization. 
The pattern of steadily declining decomposition rates of all treatments in both 
periods suggests that first the soluble and easily degraded compounds are utilised, 
with the remaining biomass being more resistant to decomposition. Between 50 and 
60% of the leaf mass was relatively labile in the dry season, while in the wet period 
the decomposition ranged between 60 and 80% in the first 8 weeks. Similar trends of 
decomposition rates had been reported by Hartemink and O'Sullivan (2001) and 
Armendariz-Yaflez (1998) in tropical conditions, using leaves from leguminous and 
non-leguminous species. With regard to N release, the shrub species studied in this 
project fall into three groups. Moringa leaves released much of their N almost 
instantly; N release from Leucaena leaves was intermediate, while Guazuma leaves 
released their N still more slowly. However, no data were found in the literature for 
Moringa and Guazuma in order to make a comparison of their decomposition 
behaviour. 
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Leucaena leaves had the highest N concentration and lowest ON ratio, but because 
of their high polyphenol content, they decompose slightly more slowly than those of 
Moringa. An additional factor that may influence the rate of decomposition is the 
micro-climate, e.g. the alley formed in the Moringa and Leucaena(M) plots had taller 
trees with a closed canopy which reduced soil evaporation and created better 
conditions for the decomposition process. The better micro-climate created in the 
Leucaena and Moringa plots than in the Guazuma plots could also partially account 
for higher macrofauna populations, as the soil moisture is significant correlated with 
these population, as has been shown in previous work (Tian et al. 2000). Also, recent 
work by Mwangi et al. (2004), found a bigger macrofaunal population in 
decomposing lifter from hedgerows formed by L. leucocephala and C. calothyrsus 
than in litter from single species stands. Isoptera (termites) were the most abundant 
of the macrofaunal observed followed by Hymenopterans (ants), Lepidopterans 
(moths) and Coleopterans (beetles) as the major macrofaunal groups. They attributed 
these differences to more suitable moisture, temperature and soil conditions which 
can enhance fauna! populations. In this project the Guazuma plants were mostly 
small, and in some cases they did not fully cover the soil area where the litter bags 
were placed. Also, the initial N content in Guazuma leaves could be below the 
requirements for decomposers. 
4.5 Conclusions 
The three species under study demonstrated their ability to produce considerable dry 
matter and accumulate significant amounts of N in short time periods. The initial 
mass loss from the lifter was high and rapid in the rainy period in comparison to the 
dry period. The residue disappearance pattern of Moringa, Leucaena and 
Leucaena+Moringa followed an asymptotic model, with more than 80% of the 
original residue released during the 16 week study period. Moringa residue 
decomposed significantly faster than all the other treatments, followed closely by the 
combination of Leucaena+Moringa. Leucaena leaves released their N at intermediate 
rates, but N in Guazuma and the combination of Leucaena+Guazuma mineralized 
considerably more slowly. At the end of the study period, approximately 10 to 20 % 
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of the N in the pure Moringa treatment remained in the residues in the dry and wet 
periods, respectively; and about 45 to 50% remained in the Leucaena and Guazuma 
single species litterbags. This fact leads one to think that a considerable amount of N 
could become available over an extended period if the appropriate mixture of litter 
sources were to be used. This "synchronization" of the differences in the rates of 
availability of nutrients would be likely to be beneficial to long-duration crops or to 
intercropping as used in the traditional Mayan agriculture. 
The N release was affected more by polyphenol and CT than by lignin or N content. 
Polyphenols appear to be the most important factor influencing rates of 
decomposition as. they bind to N in the leaves, forming compounds resistant to 
decomposition (Fox et al., 1990). The lignin and CT contents of Moringa leaves 
were lower than those of both the other species, and although numerous workers 
have suggested that the initial lignin content is a reasonable predictor of the rate of 
decomposition (Wieder and Lang, 1982), our data suggest that lignin content alone 
was a poor index. This is in agreement with the earlier finding that the polyphenol or 
lignin+polyphenol to N ratio were strongly correlated with N mineralization from 
legume and non-legume residues (Hartemink and O'Sullivan, 2001; Isaac, et al., 
2000). Similar results were found by Vanlauwe et al. (1997), in a litter 
decomposition study using Leucaena and Senna prunings in alley cropping systems. 
They found that the N release rates were significantly related to the polyphenol to N 
ratio and the lignin+polyphenol to N ratio and not to the lignin-to-N ratio. Thus, 
polyphenols appear to play a bigger role in limiting C breakdown than lignin 
(Gachengo et al. 2004b). 
The differences in N release have practical significance with respect to 
synchronization with N demand by either crops or grass in a silvopastoral system. 
Moringa leaves would be a better choice for crops with a short growth period, while 
Leucaena could be better used in intercropping with maize or squash. On the other 
hand, Guazuma or a combination of Leucaena/Guazuma could be used as soil 
protection to reduce soil erosion, or for intercrops with perennial grasses which will 
demand nutrients in the long term. 
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Potentially, Leucaena and the two non-leguminous shrubs can provide OM and N to 
cropping systems in the region. Though the leguminous and the non-leguminous 
shrubs were primarily selected to supply fodder for livestock, the growth habits of 
the species used in the study indicated also a good potential as cover cropping and 
for providing nutrients to other companion crops. Currently, the experimental area 
used in this study, apart from providing fodder for livestock, is being used for 
intercropping with annual crops such as chilli, tomatoes and maize, in order to assess 
the extent to which the use of chemical fertilizer can be diminished by using foliage 
as mulch. 
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5.1 Introduction 
Declining soil fertility has been increasingly recognised as a fundamental cause for 
declining food production in many developing countries and soil in most tropical 
countries show a negative nutrient balance (Smaling et al. 2002). This nutrient 
depletion is a major problem for small farmers who cannot afford or obtain synthetic 
fertliser. In the and and semiarid areas, soils may be shallow or have low water and 
nutrient retention capacity; in such conditions average nutrient depletions can range 
from 60 to 100 kg ha' (total of N, P, K) each year (Craswell et al. 2004). Estimates 
by Smaling et al. (1997) of nutrient balances indicate that 200 million ha of 
cultivated land in Africa have lost 132 million tonnes of N, 15 million t of P and 90 
million t of K over the last 30 years (Sanchez et al. 1997). 
Given the increased poverty and the limited access to mineral fertilizer, the role that 
leguminous species can play is increasingly important in several ways to benefit 
agroecosystems, e.g. through direct input of N to the soil, supplying protein for 
animals and also directly supplying protein for human needs. Estimations of N2-
fixation in alley-cropping systems show that woody species are capable of fixing 
between 100 and 300 kg N ha' yf' from atmospheric N2 (Sanginga 2003). 
Additionally, annual legumes show a great potential for fixing N2; amounts are large, 
between 40 and 316 kg N ha' in the first year, as has been reported by Unkovich et 
al. (2000), and from 64 to 527 kg N ha' in the subsequent second year. Intercropping 
Leucaena with pastures can greatly increase grass herbage and quality due to the 
transfer of fixed N 2 (Fisher et al. 1997). Leucaena also has the capacity to produce 
large amounts of foliage that can be used as high quality fodder, and to regrow 
rapidly following pruning or animal browsing (Blair et al. 1990). Legume tree fodder, 
with its high levels of nitrogen and minerals, is readily accepted by, livestock. 
Inclusion of legumes in farming systems is also important for sustainable meat and 
dairy production on infertile soils of the tropics and subtropics (CGIAR; 2004; 
LEAD 2004). Woody species have been the foundation for ruminant animal feed 
production for years (Robinson 1985), in and and semi-arid regions. 
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Despite their role as a valuable source of fodder to animals and having other several 
uses in the tropics, only recently has the importance of woody species in agriculture 
been noted This has been mainly in terms of soil fertility improvement and as a 
source of high quality forage for feeding of livestock (Güteridge and Shelton 1994). 
Additionally, intercropping woody species has the potential to increase resource 
acquisition, due to a complementarity with the behaviour of animals and plants in the 
exploitation of soils for nutrients (Cadisch et al. 2002a; Graham and Vance 2003; 
Mafongoya et al. 2004). Shrubs, trees or any other deep rooted plant can retrieve 
important amounts of nitrogen and other minerals that accumulate deep in the soil, 
below the root zone of the annual crops (Szott et al. 1999). About 30 to 100 kg N hi' 
has been estimated to be brought up from .deep soil annually by leguminous shrubs 
(Buresh et al 2004). 
5.2 Performance of shrubs in pure and mixed stands: production and 
quality of foliage 
Previous research has showed that mixed species can each enhance the performance 
of the other (Cadisch et al. 2002a; Forrester et at. 2004). However, the results 
obtained in this study only partially confirm this hypothesis. The different 
combinations tested with Leucaena (in monocrop or mixed with non-leguminous 
plants) differed in their growth and foliage production. Although no statistical 
differences were found, Leucaena in mixture with either Moringa or Guazuma had 
greater diameter growth compared to the Leucaena monocrop. For the non-legume 
species, diameter growth was very similar in both systems (monocrop or in mixed 
stands) during the study period, in spite of the presence of Leucaena. It thus appears 
that at least for the first years after establishment non-leguminous trees will grow 
adjacent to Leucaena without either positive or negative effects on their performance. 
Considering that this study was using long-lived woody species, it was conducted 
over too short a period to draw any firm conclusions, but combined with findings 
from previous studies where tree mixtures generally had better performance and 
yielded more than monocrops, the results obtained so far in this project suggest that 
this will be only valid for Leucaena, in mixture with Guazuma. 
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The three woody species differed greatly in their foliage and N production, ranging 
from 1930 to 9045 kg ha' dry matter (Table 5.1). Leucaena in mixture with 
Guazuma had the highest fodder production, followed by Leucaena in pure stands 
(7750 kg ha-1 ). The total nitrogen content in the fodder was correlated with the 
amount of fodder produced, i.e. Leucaena in mixture with Guazuma produced the 
largest amount of nitrogen (282 kg ha-1) followed by Leucaena in pure stands (244 
kg ha"). 
Other important aspect to take in consideration is the role that the vesicular-
arbuscular mycorrhizal (VAM) might play in the different tree growth responses. For 
example studies with Acacias spp indicate that N2 fixation was increased by yam 
fungi which also increased the shoot dry weight (Michelsen and Sprent 1994). Apart 
from the yam role improving N2 fixation, it has been hypothesized that yam can 
improve N transfer, since the network of yam mycelia can link different plant species 
growing nearby and help overlap the pool available nutrients for the plants. 
Therefore, the nitrogen released into the overlapping mycorrhizospheres by legume 
root exudation or by nodule decay can be used by non-fixing plants (Barea 1991). 
However the main role of yam is to assist to legumes in uptake of phosphorus by 
increasing the volume of soil effectively explored by the plant (Giller 2001). 
Consequently the degree of dependence on the mycorrhyza for uptake of phosphorus 
is partly determined by the root geometry of the legumes, for example Leucaena has 
been reported to had a poorly branched root system with few root airs (Munns and 
Mosse 1980), tend to be more dependent on mycorrhizas than those plants with many 
long root airs (Giller 2001). 
Despite the low foliage production shown by Moringa olefera, results from its 
chemical analysis show that its biomass is of very high quality, that in conjunction 
with material from other species may allow the supply of an important amount of N 
as an animal feed complement. Alternatively it could be applied directly to land as 
green manure when a supply of fertilizer is required. The N percentage of Moringa 
fodder was 2.5 %, which is relatively high compared with other non-leguminous 
shrubs or tropical grasses. 
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The results of chemical analysis of the different plant materials in this project suggest 
that the foliage varies from good (Leucaena and Moringa) to poor quality (Guazuma). 
The poor quality of Guazuma fodder is associated with the presence of tannins, 
which are known to reduce digestibility. Additionally this species also had a high 
concentration of polyphenols (4.0 %) compared with the foliage of M ole?fera. On 
the other hand, the latter species had quite a small content of tannins (0.5 %) and a 
relatively small content of polyphenols (2.2 %). Thus, a good alternative to improve 
the foliage quality of Guazuma could be mixing with foliage of different quality, 
such as that of Moringa or Leucaena. Mixtures will also bring additional advantages 
to the animal, for example improving the N retention in the rumen by diluting the 
effects of deleterious compounds, and inducing associative effects that may result in 
increasing the foliage intake by the animals (Rosales and Gill 1997). A similar effect 
may occur in the soil by mixing two plant materials of different quality (Cheeson 
1997), making it possible to manipulate the quality of the litter in order to improve 
the rate of OM decomposition and nutrient release. 
Therefore, "manipulating" the foliage of low quality in mixture with those of better 
quality will maximise benefits from woody species, providing nutrient-rich foliage 
for animal production and for soil restoration or maintenance of soil fertility. 
Additionally, mixed-species stands will exploit the available natural sources better, 
(with more root biomass in the soil horizon to exploit different nutrient soil sources - 
complementarity-) thus increasing productivity (Giller and Cadisch 1995; 
Ranganathan and de Wit 1996). For example, the mixture of Leucaena/Guazuma had 
a denser canopy than the same species in monocrop, allowing it to capture rain and 
light better and therefore reducing water loss by evaporation directly from the soil 
(Ong et al. 2004). 
An unexploited potential of fodder trees in mixture is the increased availability of 
feed throughout the year (stabilisation of feed supply). If one plant fails to produce 
foliage due to a scarcity of rainfall, the production of the other plant component may 
compensate for it. For example, it was observed that Moringa was most susceptible 
to the frequent dry periods, followed by Leucaena, but Guazuma showed no marked 
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effects in spite of the low water availability, which suggests that the shrubs used in 
this project make a good combination, from this point of view. 
In this study it was observed that the N contribution to the system (animal and/or 
soil) was directly proportional to the biomass and the quality of the material 
harvested. For instance Moringa produced the least pruning material (Table 2.22), 
compared with that from Guazuma or Leucaena. However when grown in mixture 
with Leucaena, total biomass was quite high (5.8 t ha'). 
This study demonstrated that shrub species such as G. ulmfolia and L. leucocephala 
established well in mixed stands, had a high biomass yield and high coppicing 
quality, easily responding to pruning and showing a great ability to regrow. Thus 
shrub legumes in mixture with non-leguminous ones appear to have a considerable 
potential for improving the N status of soil and for providing a steady supply of 
foliage rich in nutrients for increasing the quality of the animal feed in a mixed-
farming system. 
Table 5.1. Estimation of amounts of N 2  fixation and soil N removed in fodder (accumulated from five 
prunings). 




%N derived from 
(Average) 
N2-fixation  
kg ha' yr' 
Ndfa 	Balance 
Mixture system 
Leucaena 3.1 4468 139 64 89 	-50 
Moringa 2.3 1402 32 0 -32 
Total 5870 171 -82 
Mixture system 
Leucaena 3.1 5508 171 61 104 	-67 
Guazuma 1.9 3537 67 0 -67 
Total 9045 238 -134 
Monocrop 
Leucaena 3.2 7750 248 56 139 	-109 
Moringa 2.5 1930 48 0 -48 
Guazuma 1.8 5094 92 0 -92 
Another advantage which can be exploited in the shrubs-animal based systems is the 
opportunity of incorporating important quantities of nutrients (mainly N) into the soil, 
associated with the atmospheric N-fixing capacity of the leguminous species and the 
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recycling of the N via litter or as mulch when the amount of foliage exceeds the 
amount required for the animal feed. About 56 to 64% of the N exported in prunings 
from Leucaena either in monocrop or in mixture systems is N fixed from the 
atmosphere without any economic cost for the farmers. Growing non-leguminous 
shrubs or trees in mixture with N2-fixing plants reduces the extraction of soil N, and 
thus the need to apply N fertilizer, and reduces the dependence on grain or 
concentrates for the animal feed. 
5.3 Nutrient cycling from shrub prunings 
The results of this study demonstrate that chemical and physical attributes of leaves 
of different species can be managed in order to change the rate of N release and OM 
decomposition, thus providing a more "balanced" diet to the animals or to the 
released uptake of nutrient N by crops. A major impact of mixing plant material of 
different quality will occur where one of the materials has a high C content or a high 
content of active polyphenols (Handayanto et al. 1997), resulting in increased yield 
and reduced nutrient losses. 
With plant material releasing N rapidly, as in the case of M olefera, a better crop 
yield response may be obtained in the first year, but also a higher proportion seems 
to be lost (Giller and Cadish 1995). On the other hand, residues such as those of G. 
ulmifolia with a high C/N ratio or with an N concentration less than 2 % release N 
slowly. However, mixed leafy material of two different species such as 
Leucaena+Guazuma contributed substantially higher nitrogen to the systems than 
Moringa or Guzuma on their own. This may have a significant impact on the 
agricultural production systems, as one possible strategy is to supply large amounts 
of OM while at the same time providing also an important amount of N. 
If the purpose is to incorporate in the soil the nutrients from the prunings, to supply 
the growing crop, the effectiveness will depend on the synchronization of nutrient 
mineralization from the pruned material and crop nutrient demand. In this regard it 
would be a good strategy to use a mixture of two foliage materials with contrasting 
quality. In general "quality" is associated with rapid decomposition rate and 
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consequently nutrient release. However, asynchrony of nutrient supply and demand 
in cropping systems may result in poor nutrient recovery, and therefore in poor 
nutrient recycling within the systems. According to the synchrony hypothesis the 
combination of species should improve the succession of N release with the timing of 
nutrient requirements of the crop (Myers et al. 1994). 
It is well known that N mineralization is usually facilitated by high N contents and/or 
low C/N ratios (Myers et al. 1994). The presence of polyphenols, however, also may 
reduce the rate of litter decomposition (Fox et al. 1990) and thereby reduce the 
ability of what is otherwise high-qualit' legume litter material to release N. 
Nevertheless, through the material manipulation it is possible to improve 
decomposition and alleviate N immobilization; also not all polyphenols equally 
affect decomposition (Handayanto et al. 1994), and this knowledge may help in 
selecting legume materials best suited to supply the soil and also provide the animal 
with good quality foliage (Giller and Cadisch 1995). 
In addition, the amounts of N released and OM decomposed are functions of the 
chemical composition of the materials, as well as being dependent on environmental 
factors (Vanlauwe et al. 1997; Njunie et al. 2004). For example, several studies have 
shown that polyphenol and lignin concentrations are inversely related to N release 
(Palm and Sanchez 1991). G. ulmfolia, L. leucocephala and M olejfera for instance 
had lignin+polyphenol to N, ratios of 8.9%, 4.9% and 5.3% respectively, which can 
explain why Guazuma decomposed most slowly, as observed in the decomposition 
study, compared with Leucaena and Moringa. 
5.4 Biological N 2-fixation: estimating the nitrogen balance 
The N balance in this project was calculated as the difference between the N 2-fixed 
and the N exported in harvested fodder (Table 5.1). Substantial amounts of N were 
removed in harvestable fodder; Leucaena/Guazuma mixture and Leucaena monocrop 
had the largest N export from the system, although Leucaena monocrop also had the 
largest amount of N2 fixed, with a negative total N balance of -109 kg ha d . With 
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respect to the non-leguminous species in monocrop, Guazuma had the largest N 
export from the system, with 92 kg N ha' removed (Table 5.1). 
It is important to mention that, in this N balance, the amount of the N related directly 
to the root and nodule decomposition could not be considered in this study, and this 
would cause an underestimation of the total N cycling in the system. Ignoring roots 
may result in significant underestimates of N2-fixation (Sanginga et al. 1992; van 
Kessel et al. 1994). From previous studies with Leucaena and other shrub species it 
can be seen that roots can provide a very important source of nitrogen to the systems. 
Several studies with regularly pruned woody species in alley systems have shown 
that the root systems can fix from the atmosphere between 50 and 76 % of their total 
N (Sanginga et al. 1990; Peoples et al. 1996). Rochester et al. (1998) suggested that 
many crops fixed at least twice as much N as that removed in the harvest. Recent 
research using 15N-isotope techniques has demonstrated that root biomass can be as 
important as aerial biomass for the N incorporation into the system (Cadish et al. 
2002b), and pruning may allow for some management of underground transfer of 
fixed nitrogen to associated crops, as well as regulating root competition (Danso et al. 
1992; Sanginga 2003). 
From these previous results, it is expected that a large proportion of the N was also 
released by the nodules and root systems in the Leucaena monocrop and in the mixed 
stands in this- project. If L. leucocephala fixed between 87 and 124 kg N2 in the 
fodder in two year-old stands (Table 5.1) it is to be expected that other important 
amounts of N have been fixed below ground. Important amounts of N from senesced 
nodules are likely to be available to plant roots growing in close proximity. 
However, it is difficult to generalize from the available evidence about the relative 
use of N by leguminous and non-leguminous plants. If direct N transfer occurred, it 
probably would be via mycorrhizal connections between plants, or because the non-
legume roots growing close to the legume roots may absorb nitrogenous root 
exudates of the legume (Dulormne et al. 2003). Nitrogen transfers from N 2-fixing 
trees to companion non-leguminous trees have been reported (Amebrandt et al. 
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1993). Recently, in an association of fixing and non-fixing trees, it was found that 
7.5-25% of the N from fixing plants was transferred to the non-fixing trees by root 
exudation exchange (Roggy et al. 2004). 
In this project if a direct transfer occurred between the Leucaena and the two non-
leguminous species, it would be directly through root turnover, mycorrhizal 
connections, and/or via root exudates of Leucaena. It is unlikely, that transfer via 
litter would be large enough, as almost all the foliage was regularly pruned from the 
shrubs and removed. 
5.5 The natural abundance method: advantages and constraints in 
estimating N 2-fixation in fodder bank systems 
The values observed in this study reveal that, fortunately, the natural 15N abundance 
levels were sufficiently high and uniform to ensure reliable estimation of N2 fixation 
(Figure 3.1 la,b). The estimation of %Ndfa in this study assumed that the ratio of 
5 15N values measured in the leaves and the fodder of Leucaena grown alone or in 
mixture is approximately the same (Table 3.6) as the one that should be measured 
from 8 15N values of whole shrubs. 
Although the 8 15N of leaves is generally used to estimate N2 fixation in trees due to 
difficult sampling constraints, such extrapolation would lead only to a rough 
approximation of the actual %Ndfa (Galiana et al. 2002). Generally, the 8 15N values 
measured in the woody parts of the plants are often cited as being lower than the 
measured in the leaves, and it was confirmed in this study that the edible stem and 
woody material of the Leucaena component were significantly lower in 8 15N than 
leaves. However, such a difference is generally counterbalanced by a parallel decline 
of the 515  in woody parts of both N 2-fixing and non-N2-fixing reference plants and 
thus does not affect the final calculation of %Ndfa (Boddey et al. 2000; Peoples et at. 
2001). Nevertheless, in this project the target shrubs were pruned regularly 
throughout the study and no other plant component was available, apart from the 
fodder (edible stern and leaves). This suggested that the possible variability in the 
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sampling procedure could be very small, due that these two components were 
sampled and considered in the %Ndfa estimation. 
5.5.1 Appropriate reference plants 
Some guidelines exist in order to select the best reference plant and several criteria 
have been presented for their selection (Peoples et al. 1989; Danso et al. 1.993). 
However, the real constraints or advantages of using the selected plants will be found 
only at the end of the study (Chalk and Ladha, 1999; Salas et al. 2001). Fortunately 
in this study the two non-N 2-fixing selected plants had very similar 515  values 
which differed significantly from the values for the Leucaena. 
This stability of the 8 15N values in the two reference plants growing in the same soil 
as Leucaena indicated that the seasonal variation of the available soil N was 
relatively small, and their close agreement suggests that the relative nitrogen uptake 
patterns were probably similar in both non-N2-fixing species. Under these 
circumstances, errors in estimations of the nitrogen fixation would be minimized. 
Another important factor to consider with the natural ' 5N abundance methodology is 
the requirement for the P value (Unkovich and Pate 2000). Since the (3 value may 
vary with the species, plant age and growing conditions, a single P value is not 
adequate for all legumes and environments (Peoples et al. 2001). As a general rule, 
where %Ndfa estimates are less than 85% the errors associated with an inaccurate (3 
value are likely to be small (Unkovich et al. 1994). Other authors also report a 
tolerably small impact of the (3 value on results for %Ndfa in legumes at low to mid-
levels of about 50% Ndfa (Doughton et al. 1992). Nevertheless, if progressive 
measurements of N fixation are to be made throughout crop growth, the reference 
plant and legume 815  values at each specific crop age need to be matched against 
the (3 value for that stage of legume growth (Unkovich et al. 1994). 
5.6 Concluding remarks and recommendations 
In alley cropping systems with woody species a carefully selection of the species has 
to be of paramount importance. Plants with physiological differences and thus with 
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different nutrient demands, tolerance to water stress and light demand, should be 
considered in selection for intercropping. It will be appropriate to estimate the P and 
N content of the soil in order to manage N 2  fixation more effectively (Giller and 
Wilson 1991). Low initial N levels in the soil can reduce nodulation and N 2-fixation, 
mainly during the first establishment phase. If the amount of available N in soil at 
seeding is insufficient to meet N demand, a starter-N effect will occur, and poor 
nodulation will take place (van Kessel and Hartley 2000). 
By choosing appropriate management options such as combining species with 
different growth habits and nutrient demands should help to increase benefits and 
decrease negative effects associated with mixtures or intercropping systems. For 
example, in alley cropping or fodder banks based in mixtures of species, options such 
as phosphorus applications and periodical pruning may reduce root development and 
may decrease potential belowground competition with intercropped plants (Peter and 
Lehmann 2000). However, pruning of shrubs can cause considerable damage to roots 
and accelerate senescence in nodules, thus reducing the amount of N 2-fixation 
(Sanginga 2003), but extending the intervals between prunings would alleviate the 
adverse effects on root nodulation. However, understanding or predicting the 
distribution, dynamics and complex interactions that occur between root systems in 
tree-tree mixtures remains a major obstacle to the better design and management of 
agroecosystems (Akinnifesi et al. 2004). 
When the shrub foliage is pruned and transported to feed animals, or used as mulch, 
or when it is coppiced for wood, much of the N will be removed and will not be 
available as litter for direct incorporation in the soil. However, even in these 
situations there would still be a large N 2-fixing contribution (Cadisch and Giller, 
1999; Boddey et al. 2000), due to the large root and nodule contribution to the 
systems. Extending the period between prunings would lead to an increasing overall 
biomass production (Duguma et al. 1988). It is likely that prunings quality would be 
most easily manipulated by mixing plant materials of different quality, which is 
facilitated by using mixed stands. 
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The quantity of research on belowground processes, particularly on root systems, is 
generally scarce (Schroth 2003; Akinnifesi et al. 2004), due mainly to 
methodological problems. Despite these difficulties but with the help of new 
instrumental techniques such as mass spectrometry, it is possible to have a better 
estimation of the %Ndfa. This project found that the %Ndfa in two years-old stands 
of L. leucocephala in monoculture or in mixture with non-leguminous species was 
higher than 50%. This proportion of N2 fixed is especially important under the 
critical fertility conditions predominant in most of the Yucatan soils. 
5.7 Future research 
A more precise nitrogen fixing estimation is needed to quantify the exact range of the 
amount of N cycled. Estimations including the soil and plant nitrogen dynamics and 
nitrogen losses will have a better prediction of the total N balance within a system. A 
key component of effective nutrient cycling in agricultural farms will be the 
livestock, as a large amount of biomass is transported to different areas, within the 
farming systems, thus affecting directly the cycling of nitrogen and other nutrients. 
To accomplish this objective, a series of experimental studies designed to identify 
and define the different processes occurring in the nutrient cycling need to be 
implemented. 
An important research need is to take studies that define nutrient retention and export 
to the farm level. Furthermore, measurements are needed that relate the pruning 
intensity to the associated effects on nodule formation, in order to make a better 
estimation of the real contribution of legumes to agricultural systems. 
Little information is available on the direct N transfer from tree legumes to non-
fixing plants. Most of the research carried out has been done with legume-grass 
combinations. Further research is necessary in which includes woody leguminous 
and non-leguminous species in order to improve the knowledge of the different N 
transfer pathways to the companion plants and other important nutrient dynamics. 
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As far as known, this is the first study reporting the effects of planting shrubs in 
mixture (leguminous with non leguminous) in close contact, on the production and 
quality of foliage, thus the lack of references to support some of the results found in 
this study is evident. Thus, it is the important to have additional research, in order 
to better understand the interactions between legumes in mixtures with non-
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METHODS OF CHEMICAL ANALYSIS 
1. Total Nitrogen (Kjeldahl) 
Reagents 
Sodium hydroxide (NaOH) solution: 400 g NaOH in 1 L of distilled water. 
Boric acid (1-131303) solution: 2 g of H 3B03 in 1 L of distilled water. 
Sulphuric acid (concentrated). 
Kjeldahl tablets: Composed of 96.5% of K2SO4, 1.5% of CuSO4 and 2.0% of Se. 
Indicator solution: 0.099 g of bromocresol green; 0.066 g of methyl red and 0.011 g 
of thymol blue in 100 mL of ethanol. 
H2SO4 0.0500 M (standardised). 
Procedure 
Digestion: Two grams of ground sample were weighed into a digestion flask. One 
Kjeldahl catalyst tablet and 15 mL of concentrated H2SO4  were added. This mixture 
was slowly ramped to 250°C for 2 hours; thereafter the temperature was ramped up 
to 360'C for another 2 hours. 
Distillation: After the addition of 250 mL distilled water and 70 mL NaOH to the 
cooled digested samples, the liberated NH3 was steam-distilled captured in the 25 mL 
1­131303/indicator solution. 
Titration: The NH4-N determination was performed by titration of the buric acid 
solution with a standardised solution of H2SO4  (0.0500 M). The titration was stopped 
as the blue-green coloured solution changed to violet. The volume of the 




2. Phosphorus (Olsen), for calcareous soils 
Reagents 
0.5M sodium bicarbonate (NaHCO3): 42 g of sodium bicarbonate dissolved and 
made up to 1 L with distilled water in a volumetric flask. The solution was adjusted 
to pH 8.5 with 1M sodium hydroxide solution. 
Stock solution A: 20 g of ammonium molybdate [(NH4)6 M070244H201 was 
dissolved in 300 ml distilled water. Separately 0.5 g of antimony potassium tartrate 
[K(SbO)C4H406 1/2 H20] was weighed and added to 500 ml sulphuric acid (H2SO4) 
and well-mixed. The two solutions were then mixed together thoroughly in .a 2 L 
volumetric flask and made up to volume with water. 
Solution B: 0.5 g of ascorbic acid was dissolved in each 100 ml of solution A as 
required. 
Phosphate standard, 250 gm P U'. The P standard was prepared as follows: 0.8786 g 
of K1-1 2PO4 was weighed and dissolved in 1 L of distilled water. A set of standards in 
the range of 0-5 jig/ml were made up by diluting aliquots of the standard P solution 
with NaHCO3 solution. 
Soil extraction 
2 g of air dry soil (2 mm) was weighed into a 150 ml flask. 50 ml of the extracting 
solution (0.5M NaHCO3 pH 8.5) was added to the sample. The flask was stoppered 
tightly and shaken for 30 minutes on a shaker (180 vibrations per minute). The 
suspension was filtered after shaking through a Whatman paper (No. 42). Charcoal 
was added to obtain a clear filtrate. 
Determination ofF (colorimetry) 
A 5 ml aliquot of the sample filtrate was pipetted into a 50 ml volumetric flask. The 
pH of the sample was adjusted to 5.0 with 5N H2SO4. The sample was made up to 50 
ml with distilled water and 5 ml of reagent B and was mixed well. 
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The colour intensity (abosorvance) was measured at 880 nm in a spectrophotometer 
after 2 hours of incubation. The same colorimetric. procedure was followed for the 
standard solution, and the absorvance was plotted against concentrated. The 
concentration in the sample was then determined from this calibration graph. 
3. Cation exchange capacity (ammonium acetate extraction) 
Reagents 
Extraction reagent: Ammonium acetate 1M (NH 4C2H302) at pH 7.0 
57 ml of glacial acetic acid (HC2H302) was dissolved in water and made up to a 
volume of 800 ml of and then 69 ml of concentrated ammonium hydroxide (NE-1 40H) 
was added. The solution was thoroughly mIxed and topped up to 1 L after adjusting 
the pH to 7.0. 
Potassium standard (1000 mg K U'). 
1.9080 g of potassium chloride (KC1) was weighed into a 1 L volumetric flask and 
made up to a 1 L volume with the extraction reagent. 
Calcium standard (1000 mg Ca U'). 
2.498 g calcium carbonate (CaCO3) was weighed into a 1 L volumetric flask and 50 
ml of water was added. 20 ml of concentrated hydrochloric acid (HC1) was added, 
and the CaCO3 completely dissolved. The solution was diluted and made up to 1000 
ml with the extraction reagent. 
Magnesium standard (1000 mg Mg U'). 
1.0 g of magnesium (Mg) ribbon was weighed into a 1 L volumetric flask and 




Extraction: 5 g air-dry (2 mm) soil was weighed into a 50 ml extraction bottle; 33 ml 
extraction reagent was added, and the mixture was shaken for 10 minutes. The 
suspension was collected after filtration. 
Determination 
K content was determined in the filtrate by flame emission photometry. Ca 2+ and 
Mg2 contents were measured by atomic absorption spectrophotometry. 
4. Organic carbon (colorimetric quantitation) 
Reagents 
Barium chloride, 0.4%: 4 g of BaC12 dissolved in 1 L of distilled water. 
Potassium dichromate, 5%: 50 g of K2Cr2O7 dissolved in 1 L of distilled water. 
Sucrose 
Sulphuric acid, concentrated (H2 SO4, about 18M) 
Standard solution 
11.886 g of dry sucrose was dissolved in water and was made up to 100 ml in a 
volumetric flask (this is a 50 mg/ml C solution). 
0, 5, 10, 15, 20 and 25 ml of the C stock-solution were transferred into labelled 100 
ml volumetric flasks and made up to the mark with water. These standards contained 
0, 2.5, 5, 7.5, 10 and 12.5 mg/ml of C solution. 
2 ml of each standard was pipetted into 100 ml conical flask, and dried at 105°C. 
These standards now contain 0, 5, 10, 15, 20, 25 mg C respectively. These standards 
were then digested together with the samples to obtain a standard curve. 
Procedure 
The air-dry soil samples were grounded in a 0.417 mm mesh. About 1 g of grounded 
soil was weighed into a labelled 100 ml conical flask. If the soil sample was dark 
(which is related to their OM content), only 0.5 g was used and the weight of soil 
was recorded (5). 10 ml 5% potassium dichromate solution was added followed by a 
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10 ml supplement of sulphuric acid before shaking the mixture slightly. The mixture 
was allowed to cool before adding 50 ml of 4% barium chloride and followed by 
mixing the solution thoroughly and allowing it to stand overnight. 
Aliquots of the sample supernatant and the standard solutions were transferred into a 
cuvette and the absorbance value was determined at 600 nm. 
Calculation 
An absorbance vs concentration graph was plotted using the standards. The mean 
absorbance of the blanks was subtracted from the absorbance of the unknown sample 
and the resulting absorbance value was used to determine the corrected concentration 
of C (k in the formule). 
where: 
% Organic carbon= [(k x 0.1 )/w] 100 
W= weight of soil 
5. Neutral and Acid Detergent Fibre (NDF and ADF-) and Lignin 
analyses 
NDF, ADF and lignin contents were determined following the method proposed by 
Goering and Van Soest, (1970). 
The neutral detergent solution was prepared by putting 18.61 g di-sodium ethylene-
diamine tetraacetate (EDTA) and 6.81 g sodium borate decahydrate (Na 2B407 . 101-120) 
together in a large beaker and adding distilled water and heat applied until dissolved; 
this solution was then added to a solution containing 30 g sodium lauryl sulphate and 10 
ml ethylene glycol monoethyl ether. Separately, 4.56 g anhydrous di-sodium hydrogen 
phosphate was poured into a beaker with an addition of distilled water and heated until 





Finely ground plant subsamples were weighed (1 g) into a beaker; and 100 ml of neutral 
detergent solution (at room temperature) was added. The mixture was heated to a 
boiling point for 5-10 minutes, adjusting to avoid foaming and refluxed for 1 hour. The 
mixture was swirled and put into Gooch crucibles and gently sucked with a low vacuum 
at first. The crucibles were rinsed with hot water. Then the samples were washed with 
acetone and the crucibles dried overnight at 100 °C. The crucible and its contents were 
placed in a muffle incrementing the temperature of the furnace to approximately 500°C 
for 3 hours or until the complete hashing of the sample. The residue fibre (cell walls) 






W1 = weight of crucible plus dried sample; 
= weight of crucible + combusted sample; 
SW = sample weight 
6. ADF and Lignin content 
The acid detergent solution was prepared by dissolving 20 g of cetyltrimethyl-
ammonium bromide (CTAB) in 1000 ml of deionised water containing 50 g of 
concentrated sulphuric acid. 
Plant samples of 1.0 g (Ws) were weighed into digest tubes; 100 ml of acid detergent 
solution, followed by 1 ml of silicone anti-foam, were added. The tubes were then 
placed in a heating block set at 150 °C, and left for an hour to digest, shaking 
periodically. The contents of each tube were then vacuum-pumped through a weighed 
filter glass crucible (W1) using hot water to wash it 2-3 times, followed by a rinse with 
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acetone to remove any residual colouring matter. The crucible and its contents were 
dried overnight at 100°C, cooled and the weight recorded (W2). The crucibles were then 
placed in a glass tray to which sufficient 72% sulphuric acid was added to cover totally 
the sample in the crucibles for 2 hours at room temperature. The crucibles were filtered 
again using two times hot water until they were free from acid. The crucibles were dried 
overnight at 100 °C. After, the samples were cooled nra desiccator, weighed (W3) and 
incinerated at 500°C in a furnace for 3 hours. The crucibles were left to cool overnight 
and finally were weighed (W4). 
Calculations: 
W2-W1 
%ADF= 	X 10 
Ws 




7. Total Phenolic and condensed tannins (Proanthocyanidins) 
Reagents 
Folin Ciocalteu reagent (1 N'): prepared with Foling-Ciocalteu with and an equal 
volume of distilled water. 
Sodium carbonate (20%): 40 g of sodium carbonate was dissolved in 150 ml of distilled 
water 
Insoluble polyvinyl pyrrolidone 
Standard tannic acid solution (0.1 mg/ml): 25 mg of tannic acid was dissolved in 25 in 
distilled water. 
Butanol-I-ICl reagent (butanol-HCI 95:5 v/v): 950 ml n-butanol was mixed with 50 ml 
concentrated HC1 (37 %). 
Ferric reagent (2 % ferric ammonium sulphate in 2M HC1): 16.6 ml of concentrated 
HCI was make up to 100 with distilled water to make 2M HCI and then 2 g of ferric 
ammonium sulphate was dissolved in this volume of 2M HCI. 
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Procedure for the tannin extraction 
Oven-dried plant samples of 200 mg of plant material was mixed with 10 ml of 50% 
methanol in a 50 ml glass beaker, covered with paraflim and suspended in an ultrasonic 
water bath. Then the contents of the beaker were transferred to centrifuge tubes and 
subjected to centrifugation for 10 mm. The supernatant was collected and kept on ice. 
Analysis of total phenols 
A suitable aliquot (0.1 ml) of the tannin-containing extract was transferred to a 5 ml 
tube and made up to 0.5 ml volume with distilled water. 0.25 ml of the Folin-Ciocalteu 
reagent and 1.25 ml of the sodium carbonate solution was added. After 40 min of 
mechanical vibration the tubes, the absorbance was recorded at 725 nm. 
Determination of condensed tannins 
In a 100 mm glass tube, 0.20 ml of the tannin extract was pipetted and diluted with 0.30 
ml (70%) of acetone. Then 3.0 ml of the butanol-HCI reagent and 0.1 ml of the ferric 
reagent were added. After mechanical vibration, the tubes were heated up to 97-100°C 
for 60 mm. After the tubes were cooled, the absorbance was read at 550 nni. 
200 
